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ABSTRACT 
The black-legged tick (Ixodes scapularis) is responsible for transmitting the Lyme disease pathogen 
(Borrelia burgdorferi) to humans in eastern North America. Since the 1970s, the geographic distributions 
of both the pathogen and the black-legged tick have expanded throughout the US. This expansion is 
thought to be primarily due to highly mobile wildlife hosts such as migratory birds and white-tailed deer 
(Odocoileus virginianus), although the relative contribution of each host has yet to be quantified. 
Previous approaches to understanding the ecology of Lyme disease, the most commonly reported tick-
borne disease, have been limited to determining the roles that individual wildlife hosts play in the 
dispersal, transmission, and maintenance of B. burgdorferi and I. scapularis populations. In my research, 
I use individual-based models to depict the complex interactions of this multi-host disease system. 
Understanding and controlling this tick-borne disease in humans requires going beyond individual roles 
and embracing the complex interactions between the tick, pathogen, and wildlife hosts. 
Due to the ongoing expansion of I. scapularis, there is a need to identify the role wildlife hosts 
play in the establishment and maintenance of tick populations. To quantify and synthesize the patterns of 
I. scapularis and B. burgdorferi prevalence relative to wildlife hosts, I reviewed the findings of 
independent studies conducted throughout the United States. I performed a comprehensive literature 
review covering the period 1970-2017 as part of a meta-analysis of individual wildlife hosts captured and 
examined for I. scapularis and subsequently tested for B. burgdorferi. I investigated whether there were 
regional differences in tick infestation and pathogen prevalence between the Northeast, Midwest and the 
Southeast U.S. using generalized linear models. In most cases, detection of I. scapularis and B. 
burgdorferi was significantly higher in the Northeast than the Midwest. Using these data, I developed an 
epizootiological model to determine the relative contributions of individual hosts to B. burgdorferi-
infected nymphs, providing additional evidence that wildlife hosts other than white-footed mice 
(Peromyscus leucopus) may contribute to Lyme disease risk. This research identified key directions for 
future research, including a greater focus on non-mice species and on wildlife hosts that have been poorly 
sampled in the past. 
Using data reported in the scientific literature, I designed a spatially explicit individual-based tick 
interaction model (SEIB-TIM) that uses a bottom-up approach to examine the processes through which I. 
scapularis populations are maintained. The maintenance of tick populations can be better understood, and 
controlling mechanisms identified, when all elements of the tick life-cycle are incorporated in the model. 
Using a two-host wildlife community consisting of mice and deer, I parameterized the model so that tick 
infestation rates for mice are within the range of those reported in field studies. Once the SEIB-TIM 
accurately simulated the interactions between I. scapularis, wildlife hosts, and the environment, I 
evaluated its robustness to parameter uncertainty using both global and local sensitivity analyses. Lastly, I 
related changes in model parameters to tick life-history traits to understand how those changes affect the 
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maintenance of I. scapularis populations for ten years. Results from this modeling exercise indicate that 
interventions aimed at both decreasing the number of larval ticks that can successfully feed on mice. 
Further, management efforts will be most effective in reducing tick populations when targeting the 
reproductive stage of the ticks’ life cycle on deer. This said, it could take five to ten years for a reduction 
in tick populations to manifest. I therefore conclude that management should target multiple stages in the 
tick’s life cycle and over the long term. 
Lastly, the SEIB-TIM serves as the foundation for a more complex model that includes four 
additional host species and the Lyme disease pathogen B. burgdorferi. The emergence of Lyme disease in 
the Northeast is attributed to reforestation of the regions and subsequent lack of species diversity among 
wildlife hosts. Increased biodiversity can regulate the abundance and distribution of a pathogen, a 
phenomenon known as a “dilution effect”. The premise of the dilution effect is that additional species 
diminishes the probability of pathogen transmission to the vector by the most competent disease reservoir. 
Several mechanisms (e.g., vector regulation, encounter reduction, transmission reduction) have been 
proposed to explain the relationship between biodiversity and disease. Due to the infeasibility of 
conducting large-scale experiments that manipulate wildlife host community composition, modeling can 
enhance our understanding of the mechanisms driving patterns seen in nature. The SEIB-TIM allows me 
to vary the presence and densities of wildlife hosts to explicitly test proposed mechanisms driving 
changes in pathogen prevalence as a consequence of host community composition, including species 
richness, evenness, and host density. My results suggest that while increasing both species richness and 
Shannon H diversity corresponds to an increased proportion of ticks infected by the pathogen, the overall 
density of infected nymphs decreases, supporting both vector regulation and transmission reduction. In 
addition, increasing species richness reduces the number of nymphs fed by the mice, the most competent 
disease reservoir, providing support for the encounter reduction mechanism. These results have several 
implications for managing Lyme disease risk including being able to predict how changes in host 
community composition influence pathogen transmission cycles in nature. 
My overall research objective is to advance our understanding of the mechanisms involved in the 
invasion and establishment of I. scapularis and B. burgdorferi by utilizing a community framework via 
individual-based modeling. By answering the call for a more integrated, community-based approach, this 
modeling approach enables me to identify the mechanisms underlying the spatial and temporal patterns of 
tick abundance and pathogen prevalence in the Lyme disease system. This modeling technique may be 
broadly applicable to other emerging diseases, facilitating more informed decisions in the development of 
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CHAPTER 1: LITERATURE REVIEW 
Lyme disease (LD) is the most common tick-borne disease afflicting humans in the United States, with 
endemic foci in the Northeast and upper Midwest (CDC 2008, Diuk-Wasser et al. 2010). The causative 
agent of LD is the pathogen Borrelia burgdorferi, a spirochete transmitted when humans are bitten by an 
infected tick (Caraco et al. 1998, Gern and Humair 1999). Borrelia burgdorferi is naturally maintained in 
an enzootic transmission cycle involving three components: the pathogen, tick vector, and wildlife 
reservoir hosts (Main et al. 1981), with the survival of the pathogen B. burgdorferi dependent upon 
transmission between the vector and hosts (Ouellette et al. 1997, Ostfeld 2011). To understand the 
contributions of these components to LD risk requires embracing the complexity of tick-host-pathogen 
interactions.  
For B. burgdorferi, there are multiple tick vectors and wildlife reservoir hosts (Durden et al. 
2004). The black-legged tick Ixodes scapularis (Acari: Ixodidae) has been identified as the principal tick 
vector of B. burgdorferi in eastern North America (Burgdorfer et al. 1982, Eisen et al. 2012). Several 
other species of Ixodes (e.g., I. dentatus, I. spinipalpis, I. affinis) can also serve as vectors for B. 
burgdorferi transmitting the pathogen between hosts (Gern and Humair 1999, Hubbard et al. 1998, 
Hamer et al. 2012a). However, because they do not commonly feed on humans, these ticks are considered 
insignificant to LD risk although they may be important enzootic vectors (Hamer et al. 2011). Ixodes 
scapularis is a host generalist and has been recorded on 125 species of wildlife (Battaly and Fish 1993, 
Keirans et al. 1996).  
Wildlife hosts are essential to the life cycle of I. scapularis as it passes through three stages 
(larva, nymph, and adult). Each stage takes a blood meal to provide the nutrition needed to transition to 
the next. Feeding on an infected host results in I. scapularis acquiring the pathogen (i.e. horizontal 
transmission) (Kollars et al. 1999, Hamer et al. 2012a). The pathogen is then maintained within the tick 
through metamorphosis (i.e., transstadial transmission), allowing the tick to transmit the pathogen to 
subsequent hosts when feeding (Soneshine 1994, Ostfeld et al. 2006). 
The timing of pathogen transmission is tightly coupled to the life history of the tick (Dolven-
Kollen 2007, Levy 2013). Ixodes scapularis has a two-year life cycle (Fish 1993). In the spring, adult 
female ticks lay uninfected eggs, (i.e., no transovarial transmission) (Patrican 1997). In mid-summer, eggs 
hatch into larvae and after successfully obtaining a blood meal, molt into nymphs before overwintering 
and questing the following year (Platt et al. 1992).  
After nymphs obtain their blood meal, they molt into adults in the fall, at which point they obtain 
another blood meal and mate, restarting the cycle the following year. The mechanism by which B. 
burgdorferi is maintained is a result of the “reverse” pattern whereby infected nymphs transmit the 
infection to hosts in early summer with larvae acquiring infection from that same host later in the summer 
(Spielman et al. 1985, Yuval and Spielman 1990, Piesman and Happ). However, pathogen transmission is 
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not only dependent on the life cycle of its tick vector, but also on the reservoir competence of wildlife 
hosts (i.e., rate at which an infected host transmits the pathogen to I. scapularis; Battaly and Fish 1993, 
Soneshine 1994, Chambert et al. 2012).  
Of the many wildlife hosts upon which I. scapularis feeds, the importance of individual species to 
the maintenance and propagation of B. burgdorferi is a matter of debate (Piesman 2002). Most of the 
initial studies on I. scapularis and LD emphasized the importance of only two host species: white-tailed 
deer (Odocoileus virginianus) and the white-footed mouse (Peromyscus leucopus) (Fish and Dowler 
1989). Both are species of second growth woodlands and edge habitats (Alder et al. 1992; Hesselton and 
Hesselton 1982, Duffy et al. 1994a), coinciding with areas where I. scapularis is most prevalent 
(Brownstein et al. 2005, Paskewitz et al. 2001). Reforestation and the explosive growth of white-tailed 
deer populations are linked to increased I. scapularis abundance (Spielman et al. 1985; Barbour and Fish 
1993). This correlation of O. virginianus with the distribution of I. scapularis and LD (Godsey et al. 
1987, Bey et al. 1995) made deer the target of many studies and efforts to reduce LD risk through the 
management of deer populations (Wilson et al. 1988, Daniels et al. 1993, Rand et al. 2003). 
Attempts to manage deer populations had mixed results for the outcome of LD. Some studies 
found that the reduction of deer leads to a decline in tick density (Wilson and Spielman 1985, Deblinger 
et al. 1993, Carroll and Cyr 2005), but exclusion of deer did not always result in the elimination of tick 
populations (Duffy et al. 1994b) and surprisingly led to occasional increases in tick density (Lou et al. 
2014). The focus on deer was due to perceptions that deer serve as important hosts for adult ticks to feed 
and mate and, therefore, were key to maintaining the dense tick populations that increased LD risk 
(Wilson and Spielman 1985, Daniels et al. 1993). Management of deer, however, was an indirect way of 
reducing LD risk, as it was soon recognized that this species is an incompetent reservoir for B. 
burgdorferi (Telford et al. 1988). While deer may be involved in the maintenance of tick populations, 
other species who are competent reservoirs must maintain the pathogen (Brinkerhoff et al. 2011). For B. 
burgdorferi to exist, it is necessary to have species that are competent reservoirs present in the region 
(Mock et al. 1992).  
With the aim of identifying tick-host associations and reservoir competency for B. burgdorferi, 
researchers examined a wide range of hosts (Anderson and Magnarelli 1984, Godsey et al. 1987, Mather 
et al. 1989, Callister et al. 1991, Mannelli et al. 1993, Bey et al. 1995, Slajchert et al. 1997). These 
species ranged from small mammals (e.g., P. leucopus; Eastern Chipmunk, Tamias striatus; Short-tailed 
Shrew, Blarina brevicauda; Masked Shrew, Sorex cinereus), medium-sized mammals (Raccoon, Procyon 
lotor; Skunk, Mephitis mephitis; Virginia Opossum, Didelphis virginiana) , reptiles (Five-lined Skink, 
Eumeces inexpectatus; Eastern Glass Lizard, Ophisaurus ventralis; Ground Skink, Scincella lateralis) as 
well as avian hosts (Passeriformes). Results suggested P. leucopus was the principal wildlife host for 
juvenile ticks as well as a highly competent reservoir for B. burgdorferi (Schwan et al. 1989, Orloski et 
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al. 1998, Anderson et al. 2006). White-footed mice are common in habitats throughout both the Northeast 
and Midwest due to their generalist nature, small territory size, and ability to persist in high-density 
populations (Levy 2013, Eisen et al. 2012, Brisson et. 2008). This species is also less sensitive to human 
disturbance, and therefore, more likely to persist in fragmented habitats than other species (Nupp and 
Swihart 1998, Krohne and Hoch 1999).  
When the abundance of alternative host species is low, it is difficult to make generalizations 
about observed patterns of tick distribution on hosts (Godsey et al. 1987). Therefore, inferences that 
immature ticks (larvae and nymphs) “prefer” to obtain blood meals from white-footed mice may be 
incorrect (Ostfeld 2011). Some researchers report that as many as 90% of immature ticks are found on 
white-footed mice as compared to all other hosts (Piesman and Spielman 1979; Spielman et al. 1985, 
Dennis et al. 1998); however, field inspections of hosts tend to underestimate tick burdens (i.e., the 
number of ticks found on a host; Keesing et al. 2009, Ostfeld 2011). Although the detection rate of ticks 
on white-footed mice is relatively high (90%), detection is lower for other species such as chipmunks (60-
75 %), raccoons (11%) and skunks (13%) (Fish and Daniels 1990, Ostfeld 2011). Similarly, molecular 
data suggest that white-footed mice provide blood meals to approximately 8.5% of larval ticks, refuting 
the notion that P. leucopus is the primary host of juvenile I. scapularis (Brisson et al. 2008).  
If the majority of ticks are not obtaining blood meals from P. leucopus, the role of this species in 
fostering Lyme disease risk may not be as influential despite its high level of competency for B. 
burgdorferi. In one study, Brisson and colleagues (2008) postulate that mice contribute to the infection of 
approximately one-fourth of questing nymphs. This proportion was similar to that of B. brevicauda and S. 
cinereus. With the addition of T. striatus, these four species have been estimated to be responsible for 
90% of all the nymphs that were infected with B. burgdorferi; however, more than 50% of all larvae are 
fed by less competent reservoir species (Brisson et al. 2008). These results indicate that complex 
multispecies interactions are involved in the maintenance of tick populations and pathogen prevalence. 
The population dynamics of I. scapularis and B. burgdorferi are complex, with multiple 
ecological relationships connecting tick vectors, pathogens and wildlife hosts (Sharon et al. 1992). 
Previous studies have been primarily limited to determining the roles that individual host species play in 
the transmission of B. burgdorferi by I. scapularis (Ostfeld et al. 2006). The use of a community 
framework to examine the ecological relationships involved in tick-borne diseases is now commonplace 
(Collinge and Ray 2006, Holt and Dobson 2006, Ostfeld 2006). Studies have attempted to correlate host 
community composition with disease risk using metrics such as species diversity (Keesing et al. 2006, 
Ostfeld and Keesing 2000a). However, despite providing information on the impact biodiversity has on 
disease risk, (e.g., greater species diversity leads to lower disease risk) these broad metrics do not allow 
for understanding the contribution of specific hosts. Species-specific contributions are needed to know 
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which species should be targeted for management to mitigate LD risk (e.g. targeted pesticide treatments, 
culling; Brisson et al. 2008, Rydzewski et al. 2012). 
There have been attempts to determine species-specific contributions such as dilution potential 
(i.e., the ability of a species to reduce the effect of the most competent reservoir) and reservoir potential 
(i.e., proportion of the total population of infected ticks contributed by each host species; LoGiudice et al. 
2003, Brisson et al. 2008). However, there is doubt about the usefulness of such measures for determining 
the effect of the host community on LD risk. Changes in host community composition can affect not only 
the number of infected ticks but also the total abundance of ticks (Randolph and Dobson 2012), potential 
negating the benefits of biodiversity, and amplifying disease risk in certain conditions (Ostfeld and 
Keesing 2000b; Pongsiri et al. 2009; Johnson and Thieltges 2010). Therefore, a more comprehensive 
effort is needed to understand the ways that host community composition influences the abundance, 
distribution and contact rates of ticks with wildlife hosts and the impact this has on pathogen prevalence 
(Soneshine 1994, Ostfeld 2011).  
With this in mind, I propose to use a community framework to model the interactions between I. 
scapularis and its host community as it relates to the expansion of the LD pathogen B. burgdorferi. The 
mechanisms responsible for the invasion and establishment of I. scapularis and B. burgdorferi are not 
completely understood (Estrada-Pena 2002, Hamer et al. 2010, Ostfeld 2011). To elucidate these 
mechanisms, Ostfeld (2011) suggests that knowledge of the entire community is needed (e.g. presence of 
host species, species-specific tick burdens) with a simultaneous examination of tick-host interactions for 
all species in the community. Few studies have attempted this, although there has been a considerable 
effort over the last 50 years investigating the many factors, both biotic (e.g. tick vectors, wildlife hosts) 
and abiotic (e.g. climate, microhabitat, soils) that contribute to LD risk (LoGiudice et al. 2008). These 
efforts should not be discounted; however, we need to integrate this knowledge in a way that identifies 
patterns from which mechanisms can be elucidated (Estrada-Pena 2002).  
To my knowledge, there has not been a systematic quantitative investigation of tick infestation 
rates throughout its US geographic range. In addition, although a previously published individual-based 
model was created to simulate the effects of changes in host density on the prevalence of infected ticks 
(Wang et al. 2016), this exercise focused on the differences in tick-host-landscape interactions with a 
hypothetical pathogen and did not distinguish between differences in host reservoir competence. The 
overall purpose of this project is to enhance the understanding of the mechanisms involved in the 
maintenance of I. scapularis and B. burgdorferi in wildlife hosts by utilizing a community framework via 
an individual-based modeling approach. More specifically, I have three objectives: 
1. To quantify and synthesize the patterns of I. scapularis and B. burgdorferi sensu stricto and sensu 
lato prevalence relative to wildlife hosts.  
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2. To understand how management actions aimed at targeting specific stages of I. scapularis life 
cycle influences the maintenance of populations.  
3. Finally, I will examine four mechanisms of the dilution effect to elucidate how host community 




CHAPTER 2: THE ROLE OF IXODES SCAPULARIS, BORRELIA BURGDORFERI AND 
WILDLIFE HOSTS IN LYME DISEASE PREVALENCE: A QUANTITATIVE REVIEW1 
 
INTRODUCTION 
The discovery that Ixodes scapularis (black-legged tick) is responsible for the transmission of Borrelia 
burgdorferi, the causative agent of Lyme disease, spurred research to quantify the distribution and 
abundance of this tick species (Steere and Malawista, 1979; Steere et al, 1978). Among the earliest 
findings was that the geographic distribution of I. scapularis was expanding from two focal populations 
in the Northeast and upper Midwest regions of the United States (Anderson et al, 1987), resulting in 
urgent efforts to identify and prevent the establishment of new tick populations over the past four decades 
(Dennis et al, 1988; Eisen et al, 2016). Despite extensive data collection, our knowledge of I. scapularis 
population ecology remains limited to a few wildlife host species (Hamer et al, 2010; Ostfeld, 2011). 
Most studies on I. scapularis emphasize two host species as important to establishing and maintaining I. 
scapularis populations: Odocoileus virginianus (white-tailed deer) and Peromyscus leucopus (white-
footed mouse) (Fish and Dowler, 1989; Madhav et al, 2004). However, I. scapularis is a host generalist 
that has been detected on over 125 wildlife species (Keirans et al, 1996). Understanding tick population 
biology will thus require researchers to consider a broader suite of potential wildlife host species 
(Krasnov et al, 1997). 
A disproportionate focus on examining conspicuous wildlife hosts can lead to a dismissal of the 
influence that other wildlife hosts play in the dynamics of I. scapularis populations. The presence of 
different wildlife host species can affect tick population sizes by providing additional blood meals or 
serving as ecological traps by killing the ticks that attempt to feed on them (Keesing et al, 2006). This 
variation in host suitability is referred to as ‘host permissiveness’ and frequently is measured by the 
proportion of ticks attempting to obtain a blood meal from a host that successfully feed and survive host 
grooming (Keesing et al, 2009). In addition, wildlife hosts vary in reservoir competency for B. 
burgdorferi which may influence the maintenance of the pathogen within the community (LoGuidice et 
al, 2003; Piesman and Sinsky, 1988). Although only B. burgdorferi sensu stricto contributes to Lyme 
disease, older methods were limited to detecting the Borrelia complex are collectively called B. 
burgdorferi sensu lato (Baranto et al, 1992). Regionally, reservoir potential of hosts (i.e., estimated 
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 This work was previously published through Elsevier in the journal Ticks and Tick-Borne Diseases. 
Full citation: 
Halsey SJ, Allan, BF, Miller JR (2018) The role of Ixodes scapularis, Borrelia burgdorferi and wildlife hosts in 





relative contribution to infection of larval ticks) for B. burgdorferi may differ as well (Mather et al, 1989; 
Piesman and Happ, 2001). 
The goal of our review is to identify and synthesize the patterns of I. scapularis and B. 
burgdorferi prevalence relative to wildlife hosts. To our knowledge, there has not been a systematic 
investigation of I. scapularis infestation rates and B. burgdorferi infection prevalence among wildlife 
hosts in North America. Therefore, we examined studies that reported the presence or prevalence of the 
tick or pathogen and corresponding wildlife hosts to calculate the prevalence of infestation (i.e. the 
proportion of hosts infested), intensity of infestation (i.e. the average number of ticks per host) and B. 
burgdorferi sensu stricto and sensu lato infection prevalence (i.e., either the proportion of ticks removed 
from hosts that tested positive or the proportion of wildlife hosts which tested positive) for each host 
species. We specifically sought to determine whether there are regional differences in prevalence and 
intensity of I. scapularis as well as B. burgdorferi prevalence between the Northeast, Midwest, and 
Southeast U.S. (Schwartz et al, 2017; United States Census Bureau, 2010). We then used data on the 
prevalence of I. scapularis larvae feeding on wildlife hosts, the prevalence of B. burgdorferi-infected 
larvae feeding on wildlife hosts, and host permissiveness, to develop a regional scale epizootiological 
model for eight wildlife host species. Our model calculates the relative host-specific contributions to 
feeding and infecting larval I. scapularis with B. burgdorferi, as these individuals become infected 
nymphs, the life-stage that poses the greatest risk to humans for exposure to Lyme disease (Mather et al, 
1996). The results of this quantitative review will contribute to our understanding of the ecology of Lyme 
disease by helping to identify mechanistically the relative contributions of different wildlife hosts to 
disease risk as well as providing direction for future research in determining the interactions between I. 




Literature search and study selection 
We identified relevant peer-reviewed articles published through October 2017 by searching the ISI Web 
of Science Core Collection database using the following terms: Ixodes scapularis, Ixodes dammini, and 
Borrelia burgdorferi. Prior to 1996, I. scapularis and I. dammini were considered two distinct species, but 
now I. dammini is considered a junior synonym and has been replaced by I. scapularis (Keirans et al, 
1996). We also examined the citations within relevant papers to identify additional studies. Inclusion 
criteria for this meta-analysis required that studies were conducted in the United States or Canada and 
involved the capture of potential wildlife hosts and subsequent examination for I. scapularis or B. 
burgdorferi. Studies must also have provided information for the calculation of at least one of the 
following: the wildlife species-specific prevalence of I. scapularis (i.e., proportion of hosts parasitized), 
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the intensity of I. scapularis infestation (i.e., numbers of parasites per host), prevalence of B. burgdorferi-
infected feeding I. scapularis (i.e., proportion of ticks which tested positive) and the sero-prevalence of B. 
burgdorferi infection (i.e., proportion of wildlife hosts which tested positive). We excluded data derived 
from passive surveillance (i.e, data from tick mail-ins) and experimental manipulation of habitat to reduce 
I. scapularis abundance (e.g., prescribed burning, deer removal, pesticides). However, data from control 
sites in experimental studies were used in this meta-analysis.  
Data Extraction and Preparation 
Data collected from all articles included citation, study site name, county, state, data collection year, and 
data collection month. For each wildlife species examined, we recorded the scientific name, number of 
individual hosts captured, number of individuals examined for ticks, number of individual hosts tested for 
B. burgdorferi, number of individual hosts testing positive for B. burgdorferi, method of B. burgdorferi 
detection, number of individual hosts infested with I. scapularis (larvae, nymphs, adults), total number of 
ticks collected (larvae, nymphs, adults), number of feeding I. scapularis (larvae, nymphs, or adults) tested 
for B. burgdorferi, as well as the number of feeding I. scapularis that tested positive for B. burgdorferi. 
We divided our analysis into three regions (Midwest, Northeast and Southeast) using a combination of 
US census designation as well as phylogenetic studies and host-seeking behavior of I. scapularis 
(Schwartz et al, 2017; United States Census Bureau, 2010; Figure 1). We grouped each wildife host into 
categories of projected host permissiveness (high, medium and low) based on similarities in body mass 
and species classification (i.e. class and order) to the six hosts examined by Keesing and colleagues 
(2009). Low permissive hosts tend to have few ticks surviving host grooming (i.e. 3.5%), whereas tick 
feeding success on medium permissive hosts ranges from 17-26% and on a highly permissive host (i.e., P. 
leucopus) ticks have an approximately 49% feeding success rate. Due to no similar examination of host 
permissiveness for deer (i.e., white-tailed and sika), the American black bear and reptiles, we were not 
able to categorize these hosts. For those studies from which we could not directly extract the data due to 
either summarization of data or inclusion of data in figures instead of tables or text, we requested data via 
email from the corresponding author. When we were unable to contact the author, we used Plot Digitizer 
v.2.6.6 to extract the relevant data from figures (Huwaldt and Steinhost, 2014). 
Statistical Analysis 
We developed generalized linear models, incorporating the year in which the data were collected as a 
covariate to control for differing levels of surveillance effort over time, to test for differences between the 
three focal regions (Midwest, Northeast, and Southeast) in the prevalence of infestation of I. scapularis 
for all wildlife host species, and intensity of infestation of I. scapularis for O. virginianus and P. 
leucopus. For intensity of infestation, we analyzed only O. virginianus and P. leucopus because for those 
species there were sufficient data throughout all three regions and through time. We examined all models 
for an interaction between region and year. For all data, we tested assumptions of normality as well as 
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homogeneity of variance using Levene’s test (Levene, 1960). If we found significant differences at the 
level of alpha = 0.05, we performed posthoc analyses. For all posthoc analyses for which the assumption 
of homogeneity of variances and equal sample sizes were not met, we performed pair-wise comparisons 
using the Scheffe method (Scheffe, 1959). We then reported estimated marginal means for each 
dependent variable to account for biases that may have been caused by the difference in sample sizes 
between the regions. 
 To test for differences in the prevalence or seroprevalence of B. burgdorferi in I. scapularis ticks 
or wildlife hosts, respecitvely, we utilized generalized linear models, again with year as a covariate. We 
used the proportion of positive ticks and/or hosts rather than total number since the number of ticks tested 
as compared to those sampled were not always the same, and therefore conclusions based on the number 
of ticks found positive may be misleading. In addition, to control for unequal sample sizes, we reported 
estimated marginals means and used the Scheffe method for all posthoc pair-wise comparisons (Scheffe, 
1959). We separated our analysis by detection method of B. burgdorferi by grouping detection methods 
into one of two categories (microscope-based assays, nucleic acid-based assays) based on specificity and 
sensitivity of each method (see Wang, 2002). Both detection methods are used for tick vectors and animal 
tissues; however nucleic acid-based assays (i.e, PCR) have a good-to-excellent sensitivity and specificity 
for detection of B. burgdorferi sensu stricto (s.s.) spirochetes, whereas microscope-based assays (i.e, 
darkfield microscopy, (in)direct fluorescent immunological staining) have poor sensitivity and poor-to-
good specificity for B. burgdorferi s.s. We therefore refer to results from which microscope-based assays 
were used as B. burgdorferi sensu lato (s.l.). 
Epizootiological Model  
We developed a model to express each host’s relative contribution to the number of I. scapularis nymphs 
infected with B. burgdorferi s.s. and s.l. using average values from the reviewed literature for each of 
three variables: prevalence of B. burgdorferi infection in feeding larvae (i.e. removed from wildlife hosts) 
for each host species (BBL#$%&), prevalence of I. scapularis larval infestation for each host (PSL#$%&), and 
probability of I. scapularis successfully feeding to repletion on host (i.e. host permissiveness;	HP#$%&). 
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Prevalence of B. burgdorferi infection in feeding larvae for each host species was used as a 
measure of realized reservoir competence, which incorporates variation in both host reservoir competence 
and infection rate. This model was used to estimate the relative contributions of host species, for which 






Our dataset represents 116 articles with data collected from 1970-2017 in 205 counties spanning 27 states 
(Figure 2.1; Figure 2.2; Table 2.1). After applying our inclusion and exclusion criteria, no studies from 
Canada remained eligible for analysis. Over 187,000 individual animals representing 162 species were 
captured and examined for I. scapularis and/or B. burgdorferi (Table 2.2). Of these wildlife hosts, 29 
species were classified as high permissive hosts for I. scapularis, 118 species (109 birds and 9 mammals) 
classified as medium permissive hosts and 6 species classified as low permissive hosts (Keesing et al, 
2009; Figure 2.3). The remaining 14 host species (e.g. white-tailed deer, sika deer, reptiles and bears) 
could not be categorized into a permissiveness category as we found no other studies that attempted to 
measure tick survival post-feeding for these species. The intensity of infestation (i.e., the average number 
of ticks per host) varied for the 16 wildlife hosts whose average prevalence of infestation for I. scapularis 
larvae exceeds 50% (Figure 2.4). However, not all of these hosts were examined for I. scapularis in all 
regions.  
Prevalence of I. scapularis infestation 
We did not detect a significant difference in the prevalence of larval I. scapularis infesting wildlife hosts 
between regions (F(2)= 2.806, p = 0.063; Table 2.3). The probability of observing I. scapularis larvae on 
wildlife hosts in the Midwest was similar to the Northeast (Mean (M) = 0.596, Standard error (SE) = 
0.035 vs. M = 0.613, SE = 0.035, p = 0.999). There were no differences in the prevalence of larval ticks 
infesting wildlife hosts in the Southeast (M = 0.187, SE = 0.295) compared to the Northeast (p=0.408) or 
the Midwest (p=0.354). However, there was a significant interaction between region and year for the 
prevalence of infesting larvae (F(2)= 37.899, p < 0.001). The prevalence of larvae tended to decrease as 
year progressed in the Midwest (F(1,96)= 22.61, p < 0.001, R2=0.191) whereas in the Northeast, the 
prevalence of larvae increased (F(1,127)= 64.76, p < 0.001, R2=0.338). There was no significant change in 
the prevalence of larvae over time in the Southeast (F(1,8)= 0.013, p < 0.912, R2=0.002) 
Similarly, we found no significant regional differences in the prevalence of I. scapularis nymphal 
infestation on wildlife hosts (F(2)= 1.675, p = 0.190). However, a significant interaction occurred between 
region and year for the prevalence of infesting nymphs (F(2)= 14.137, p < 0.001). Similar to larvae, the 
prevalence of nymphs tended to decrease as year progressed in the Midwest (F(1,74)= 13.46, p < 0.001, 
R
2
=0.145) whereas in the Northeast, the prevalence of nymphs increased (F(1,118)= 14.08, p < 0.001, 
R
2
=0.099). Again, there were no significant change in prevalence of larvae in the Southeast (F(1,8)= 0.036, 
p = 0.855, R2=0.004). 
There were significant differences in the prevalence of adult ticks infesting wildlife hosts between 
regions (F(2)= 16.389, p < 0.001). Prevalence of adult I. scapularis infesting wildlife hosts in the 
Northeast (M = 0.586, SE = 0.031) was approximately twice as high as compared to the Midwest (M = 
0.282, SE = 0.025, p < 0.001). There were no differences between the Southeast (M = 0.182, SE = 0.091) 
 
 11 
with either the Midwest (p = 0.998) nor the Northeast (p = 0.472) The interaction between region and 
year was also significant (F(2)= 41.870, p < 0.001); the prevalence of adults infesting wildlife hosts in the 
Northeast increased as time progressed (F(1,141)= 52.52, p < 0.001, R2=0.266), whereas in both the 
Midwest (F(1,162)= 17.95, p < 0.001 R2=0.094) and Southeast (F(1,17)= 3.278, p = 0.088, R2=0.112), the 
prevalence of adults on wildlife hosts decreased as time progressed. 
Intensity of I. scapularis infestation 
We found no regional differences in the intensity of larval I. scapularis infestation on P. leucopus 
(F(2)=2.143, p =0.12). In addition, there was no interaction detected between region and year (F(1)=0.938, 
p =0.334). However, significant differences occurred between regions for I. scapularis nymph infestation 
on P. leucopus (F(2,)= 7.162, p < 0.001), with the estimated number of nymphs infesting P. leucopus in the 
Midwest (M = 0.428, SE = 0.121) lower than the Northeast (M = 1.031, SE = 0.095, p = 0.011). The 
Southeast (M = 0.021, SE = 0.931) was not significantly different from the Midwest (p= 0.992) nor the 
Northeast (p = 0.872). However, there was an interaction between region and year (F(1)=0.4.1129, p 
=0.044) with the intensity of nymphs infesting mice increasing as the years progressed in the Midwest 
(F(1,61)= 12.65, p < 0.001, R2=0.158), whereas there was no change in the estimated mean number of 
nymphs infesting P. leucopus in the Northeast over time (F(1,95) = 0.383, p = 0.5378, R2=0.004). There 
were insufficient data to analyze the relationship between time and nymph intensity on P. leucopus for the 
Southeast.  
We found significant differences in intensity of adult I. scapularis infestation of white-tailed deer 
by region (F(2)= 6.336, p = 0.002). The estimated number of adult ticks per host was three times lower (p 
= 0.011) in the Midwest (M = 3.426, SE = 2.540) than in the Northeast (M = 11.262, SE = 1.425). No 
differences were found between the Southeast (M = 3.5, SE = 16.62) and the Midwest (p = 0.992) or the 
Northeast (p = 0.872). There was no significant interaction between time and region (F(2)= 0.040, p = 
0.961). 
Borrelia burgdorferi prevalence and sero-prevalence: Microscope-based assays 
We detected significant differences in the sero-prevalence of B. burgdorferi s.l. in wildlife hosts by region 
(F(2)= 29.16, p < 0.001; Table 2.4). In the Northeast (M = 0.522, SE 0.032), we estimated that wildlife 
hosts were four times as likely to test positive for B. burgdorferi s.l. than in the Midwest (M = 0.1155, SE 
0.026, p < 0.001). However, no differences were found between the Southeast (M = 0.161, SE = 0.091) 
and the Midwest (p = 0.185) or the Northeast (p = 0.2091). We detected a significant interaction between 
time and region (F(2)= 15.93, p < 0.001), where in the Northeast, sero-prevalence among wildlife host 
increased as time progressed (F(1,73)= 49.28, p < 0.001, R2= 0.395). However, for both the Midwest 
(F(1,75)= 1.83, p = 0.180, R2= 0.011) and Southeast (F(1,24)= 1.143, p = 0.296, R2= 0.006), there were no 
significant changes in sero-prevalence of B. burgdorferi s.l. among wildlife hosts over time.  
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We also detected significant differences in the prevalence of B. burgdorferi s.l. infecting I. 
scapularis larvae by region (F(2)= 8.341, p <0.001; Table 2.5). The estimated prevalence of B. burgdorferi 
s.l. infecting larvae in the Northeast (M= 0.201, SE = 0.025, p =0.004) was 11 times higher than the 
Southeast (M= 0.078, SE = 0.151). No significant differences were detected between the Midwest (M = 
0.135, SE = 0.201) and the Northeast (p = 0.997) nor the Southeast (p = 0.984). Significant differences in 
the prevalence of B. burgdorferi s.l. infecting I. scapularis nymphs (F(2)= 6.716, p = 0.002) feeding on 
wildlife hosts were found by region. Similarly, we found that the prevalence of infection in nymphs in the 
Northeast (M = 0.263, SE = 0.035) to be ten times higher than the Southeast (M = 0.025, SE = 0.177, p 
=0.029) whereas there were no differences in prevalence between the Midwest (M = 0.085, SE = 0.648) 
with the Northeast (p = 0.999) nor the Southeast (p = 0.7233). We found no significant interaction 
between region and time for prevalence of either larval or nymphal I. scapularis.  
There were significant differences in the prevalence of B. burgdorferi s.l. in I. scapularis adults 
feeding on wildlife hosts by region (F(2) =4.377, p = 0.017). Estimated prevalence in adults was five times 
higher in the Midwest (M = 0.367, SE = 0.073, p = 0.021) than the Northeast (M = 0.076, SE = 0.008). 
There were no differences between the Southeast with the Midwest (p = 0.089) and Northeast (p = 
0.6048). We found an interaction between year and region (F(1)= 8.904, p = 0.004) wherein the prevalence 
of B. burgdorferi s.l. in adult I. scapularis decreases as time proceeds in the Midwest (F(1,2)= 14.62, p = 
0.062, R
2
=0.819). In the Northeast, there was no change in adult I. scapularis prevalence over time 
(F(1,56)= 0.196.62, p = 0.659, R2=0.003). There were insufficient data for the Southeast to analyze the 
relationship between time and B. burgdorferi s.l. prevalence. 
Borrelia burgdorferi prevalence and sero-prevalence: Nucleic acid-based assays 
There were no significant differences in the sero-prevalence of B. burgdorferi s.s. in wildlife hosts by 
region (F(1)= 1.247, p = 0.268; Table 2.4). However, we detected a significant interaction between time 
and region (F(1)= 5.944, p = 0.017), where in the Northeast, sero-prevalence among wildlife host 
decreased (F(1,717= 4.726, p < 0.044, R2= 0.172), and for the Midwest increased (F(1,54)= 4.102, p = 0.048, 
R
2
= 0.053), as time progressed. No study in our dataset used nucleic acid-based assays in the Southeast.  
There were no significant differences in the prevalence of B. burgdorferi s.s. infecting I. scapularis larvae 
(F(2)= 2.483, p = 0.093), nymphs (F(1)= 0.669, p = 0.4182) nor adults (F(1)= 2.164, p = 0.185) by region. 
For all three tick life stages, there were insufficient data to test for an interaction.  
 
Epizootiological Model  
We developed an epizootiological model for eight wildlife host species: Blarina brevicauda (short-tailed 
shrew), Didelphis virginiana (Virginia opossum), Mephitis mephitis (striped skunk), Microtus 
pennsylvanicus (meadow vole), P. leucopus (white-footed mouse), Procyon lotor (Guadeloupe raccoon), 
Tamias striatus (eastern chipmunk) and Turdus migratorius (American robin). We found that the relative 
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contribution of individual wildlife host species to infected nymphs was greater in the Northeast than in the 
Midwest. Peromyscus leucopus contributed approximately three times more to B. burgdorferi s.l. infected 
nymphs and 13 times more to B. burgdorferi s.s. infected nymphs in the Northeast than in the Midwest 
(Table 2.6). For this host species, the leading parameter influencing nymph infection was the increased 
prevalence of feeding larvae that became infected with B. burgdorferi s.l. while feeding on P. leucopus. 
Intra-region variation in relative contributions of host species reveals that B. brevicauda has a 60% 
greater relative contribution to the number of infected nymphs compared to P. leucopus (Table 2.6).  
 
DISCUSSION 
We aimed to identify and synthesize the patterns of I. scapularis and B. burgdorferi prevalence in relation 
to the diversity of wildlife hosts potentially involved in the Lyme disease transmission cycle. Not only do 
these wildlife hosts vary in their ability to support successful feeding by I. scapularis but also in their 
ability to transmit the pathogen (Keesing et al, 2006; LoGuidice et al, 2003; Piesman and Sinsky, 1988). 
These complex interactions between tick and wildlife hosts are important to the maintenance, propagation 
and transmission of the Lyme pathogen to humans. Although both the tick and pathogen are found 
throughout the eastern United States, there are stark differences in the prevalence of cases of human 
Lyme disease between the three regions we examined (CDC, 2016). Over the past four decades, 
researchers have identified regional differences among the infestation rates of I. scapularis on wildlife 
hosts (e.g. Brinkerhoff et al, 2011), but no formal comparison between the regions has been made to 
determine how these differences in infestation rates may contribute to Lyme disease risk. Even still, 
knowing that there are regional differences and that many wildlife host species provide blood meals to I. 
scapularis, researchers still consider only small portions of the Lyme disease wildlife host community, 
which continues to lead to an incomplete understanding of the spread and establishment of Lyme disease 
(Ostfeld, 2011). 
In some cases, the prevalence of I. scapularis infestation and B. burgdorferi infection of all 
wildlife hosts was higher in the Northeast than in the Midwest and Southeast. An increased proportion of 
feeding I. scapularis and B. burgdorferi positive hosts in the Northeast is consistent with the higher 
overall prevalence of Lyme disease reported there (CDC, 2016). It is important to note that these patterns 
may change at finer spatial resolutions such as states or counties. Higher rates of tick infestation and B. 
burgdorferi infection in the Northeast may be self-reinforcing, maintaining high overall reservoir 
competence in the wildlife communities in this region. Whereas in the Midwest and even more so in the 
Southeast, there appear to be mechanisms that interrupt pathogen transmission cycles. A mechanism that 
may interrupt pathogen transmission cycles in the Midwest may include the timing of tick phenology. In 
the Midwest, there is greater temporal overlap in the timing of larval and nymphal ticks feeding as 
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compared to patterns seen in the Northeast (Gatewood et al, 2009; Yuval and Spielman, 1990). However, 
pathogen transmission may be still possible through co-feeding transmission (Ogden et al, 1997).  
We found higher prevalence and intensity of infestation of adult I. scapularis on mammalian 
hosts in the Northeast compared to the Midwest. As most of the adult ticks were found on white-tailed 
deer, this may be driven by increasingly fragmented landscapes in the Northeast (Wickman et al, 2008). A 
highly fragmented landscape may support higher densities of deer which benefit from the increased edge 
habitat due to the presence of preferred forage (Brownstein et al, 2005; Leopold, 1933). In the Northeast, 
a combination of moderate deer densities (24-48 per km
2
) and fragmentation of forest habitat may mean 
that questing adult ticks are more likely to find a host as deer are likely to concentrate there (Allan et al, 
2003; QDMA 2017). On the other hand, most studies are focused on examining white-tailed deer when 
looking for adult I. scapularis on hosts. Therefore, this result may be an artefact of the lack of attention to 
other hosts. 
In contrast, the overall prevalence of both larval and nymphal infestation on wildlife hosts was 
not significantly different between the three regions. The prevalence and abundance of larvae is a product 
of successful adult tick reproduction in appropriate habitat within the vicinity of suitable hosts (Falco et 
al, 1995). This indicates that all regions are able to support the completion of the I. scapularis life cycle. 
However, we did find that the mean number of nymphal ticks feeding on P. leucopus was significantly 
higher in the Northeast compared to the Midwest. This higher prevalence of nymphs feeding on mice may 
be an indication that there is a larger I. scapularis population supported in the Northeast, either due to a 
higher number of hosts in the community or differences in the number of wildlife species feeding I. 
scapularis. However, in the Midwest, the mean number of nymphs feeding on P. leucopus has increased 
with time, possibly indicating a growing I. scapularis population. This could be epidemiologically 
significant, as an increase in questing nymphs in the Midwest that may be potentially infected with B. 
burgdorferi can increase human Lyme disease risk (Stafford et al, 1998). In the Northeast, 20% of the 
non-deer mammalian hosts examined were not white-footed mice, whereas, in the Midwest, 13% of the 
non-deer wildlife hosts examined were not mice. Unfortunately, with this dataset and uneven sampling 
effort between the regions, we are unable to infer whether the increased number of wildlife hosts 
examined in the Northeast reflects a larger population of wildlife hosts.  
In several of our analyses, we found a significant interaction between time and region for the 
prevalence of I. scapularis infesting wildlife hosts. For both larvae and nymphs, the prevalence of 
infestation in the Midwest decreased with time, whereas for both life-stages in the Northeast, prevalence 
increased. While this analysis shows no significant differences in estimated mean prevalence between the 
regions, the trend toward increasing prevalence of I. scapularis in the Northeast is concerning. In 
addition, our analysis indicates that the prevalence of B. burgdorferi s.l. in the Northeast is higher than 
both the Midwest and the Southeast and increasing with time. With increasing prevalence of both I. 
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scapularis and B. burgdorferi s.l. infected wildlife hosts, management efforts in the Northeast to reduce 
the prevalence of both the tick and pathogen are urgently needed.  
Our literature review indicates considerable bias in the mammalian species examined. Although 
twice as many studies occurred in the Northeast, between regions there is a similar bias in which wildlife 
hosts were examined. For both regions, greater than 50% of the individual mammal hosts examined were 
Peromyscus leucopus, with another 40% consisting of O. virginianus and 10% comprising the other 164 
species. It is not surprising that researchers focused on these two species as white-footed mice often are 
considered to be the primary wildlife host species to transmit B. burgdorferi to I. scapularis, and white-
tailed deer are thought to be necessary for the reproductive stage of I. scapularis (Piesman and Spelman, 
1979). Most work tends to focus on host species thought to amplify the pathogen with less attention paid 
to ‘dilution’ species (e.g. opossums, lizards) which can serve either as ecological traps for I. scapularis or 
as incompetent reservoir hosts for B. burgdorferi (Keesing et al, 2009; Ostfeld and Keesing 2000). 
Identifying species-specific contributions to maintaining I. scapularis populations will allow 
researchers to develop effective management strategies to mitigate Lyme disease risk (e.g., targeted 
pesticide treatments, culling of deer; Brisson et al, 2008; Rydzewski et al, 2012). However, the removal 
of individuals could result in the redistribution of ticks among other wildlife hosts (Brunner and Ostfeld, 
2008). With our dataset, we were able to determine the prevalence and intensity of I. scapularis 
infestation (larva, nymph, and adult) for all 166 host species sampled. From surveys of all these wildlife 
hosts, our review indicates 16 “high prevalence” species which were infested with at least one larva on 
50% or more of the individuals examined. All 16 of these most commonly infested wildlife hosts have 
been sampled in the Northeast yet only seven have been sampled in the Midwest and two in the Southeast 
(Figure 2.4). Furthermore, there are clear disparities in sample sizes and not all studies report both 
prevalence and intensity metrics for all species examined. Therefore, it may be prudent to direct efforts to 
survey those species that have been less well sampled, to better assess their contribution to feeding I. 
scapularis larvae. For example, we found only one article which met our inclusion criteria that presented 
data for the number of ticks on Tamiasciurus hudsonicus (American red squirrel). The authors of this 
study report the capture of the two red squirrels, one of which was infested with 29 I. scapularis larvae 
and 84 I. scapularis nymphs (Main et al, 1982). Given the lack of additional data on the contribution of T. 
hudsonicus, it is challenging to draw conclusions about the importance of this species for the maintenance 
of I. scapularis populations or the propagation of B. burgdorferi.  
As per our epizootiological model, human Lyme disease risk is affected by several factors, 
including the proportion of feeding larvae acquiring B. burgdorferi while feeding on the wildlife host 
(BBLhost), the prevalence of I. scapularis larvae feeding on a wildlife host (PSLhost), and the success of 
those larvae in feeding upon the host (HPhost). Using data gleaned from our literature review for these 
three factors allowed us to compare the relative contributions of different hosts to infecting nymphal I. 
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scapularis, the life stage most likely to transmit B. burgdorferi to humans (Diuk-Wasser et al, 2006). Our 
epizootiological model builds upon Mather and colleagues (1989); however, we chose only to incorporate 
BBLhost, PSLhost, and HPhost as a way to provide a more generalized interpretation of the relative 
contribution of hosts and allowing for regional comparisons. A limitation of our model is the omission of 
host density and infestation intensity due to limited availability of data for many host species; however, 
with additional knowledge of host density and intensity, other researchers can easily apply this model to 
specific study sites for which more complete data are available. Since this epizootiological model uses 
data from studies conducted over the last 40 years, we were able to generate estimates for a total of eight 
wildlife hosts, whereas due to lack of data, the model of Mather and colleagues (1989) was limited to 
three species (i.e., M. pennsylvanicus, P. leucopus, and T. striatus).  
With additional wildlife hosts in our model, we predicted that B. brevicauda has a greater relative 
contribution to infecting nymphs than P. leucopus with B. burgdorferi s.l. This supports a prior 
hypothesis proposed by LoGiudice and colleagues (2003) who noted that shrews possess higher tick 
burdens than mice and are a fairly competent host for B. burgdorferi (Brisson et al, 2007), and thus are 
likely to have an equal or greater capacity to infect nymphs. However, it is important to note that shrews 
typically are less abundant than mice, and therefore the abundance of this species in a particular habitat 
will strongly determine whether its contributions to B. burgdorferi transmission are substantial.  
The role that many wildlife play in the ecology of Lyme disease is confounded by clear deficits in 
data collection over the past four decades, including a disproportionate focus on regions where Lyme 
disease is most prevalent and a lack of studies examining multiple wildlife hosts. While I. scapularis and 
B. burgdorferi have been detected in the southeastern United States, the sampling effort has been 
considerably lower than the Northeast and Midwest. Studies from the Southeast comprised only four 
percent of the wildlife hosts in our dataset, making robust statistical comparisons among regions 
challenging. There may be substantial value in increasing study efforts in the Southeast, as the reporting 
of human Lyme disease cases from this region is relatively low (CDC, 2016), and the ecology of Lyme 
disease may be quite different. This presents an opportunity to better understand how the Southeast differs 
from the other regions in the interactions of ticks with both wildlife hosts and the Lyme pathogen. 
Possible differences in the ecology of Lyme disease the Southeast include the role other Ixodes spp. may 
play in maintaining B. burgdorferi and variability in host-seeking behaviors by I. scapularis (Arsnoe et al, 
2015; Ginsberg et al, 2014). Understanding the interactions between I. scapularis, B. burgdorferi and 
wildlife hosts in this region where there likely is low B. burgdorferi prevalence may improve 
understanding of the complex nature of the ecology of Lyme disease to reduce human risk and reveal 
mechanisms not at work elsewhere.  
Another important area of deficiency is a lack of studies that examine multiple wildlife hosts in a 
single study site. Of the 116 studies in this meta-analysis, only 34 studies (Midwest = 9, Northeast = 20, 
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Southeast = 6) attempted to sample multiple wildlife hosts, not including studies that surveyed only birds 
or reptiles (e.g., Anderson et al, 1986a; Nicholls and Callister 1996; Giery and Ostfeld, 2007; Parker et al, 
2017). Given the potential contribution of other species, we urge that the focus of studies no longer 
specifically target P. leucopus but include also alternative host species, especially medium-sized 
mammals whose capacity to transfer B. burgdorferi and successfully feed I. scapularis is limited. A 
complete understanding of the wildlife contributions to the ecology of Lyme disease is hampered by 
neglect of those species that may contribute the most to a reduction in human Lyme disease risk.  
Lyme disease risk is quantified by the abundance of questing nymphs which became infected 
with B. burgdorferi while feeding as larvae. Of the 16 hosts most commonly infested with larval ticks, we 
identified three as low permissive hosts with an approximately 3.5% feeding success rate for I. scapularis 
and another six wildlife hosts as medium permissive hosts (17-28%; Keesing et al, 2009). These low and 
medium permissive hosts on average had a higher intensity of infestation than the highly permissive 
hosts. In addition, highly permissive hosts also are likely to have a higher reservoir competency for B. 
burgdorferi; therefore, larval tick bites on alternative hosts may reduce disease transmission. Previous 
research suggests wildlife hosts can serve as ecological traps for ticks and reduce disease risk by 
controlling the vector population (i.e., vector regulation; Keesing et al, 2006, 2009). However, to 
determine whether these lower quality wildlife hosts for ticks are playing a role in reducing the 
prevalence of Lyme disease requires detecting whether these hosts are in the community and relating their 
presence to Lyme disease risk. Unfortunately, we cannot discern whether the absence of these wildlife 
hosts in our dataset is a consequence of these species not being present in the community or simply a lack 
of research interest.  
Ixodes scapularis and B. burgdorferi have continued to expand throughout North America despite 
efforts to prevent the establishment of new populations (Eisen et al, 2016). To aid in understanding the 
ecology of Lyme disease, we have brought together data that may contribute to our understanding of why 
the prevalence of human Lyme disease in the Midwest and Southeast overall is less than that of the 
Northeast (CDC, 2016). In so doing, we have identified key directions for future research, including a 
greater focus on non-Peromyscus spp. and obtaining infestation and infection prevalence estimates for 
wildlife hosts that have been poorly sampled in the past. Doing so may help land managers develop 
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Figure 2.1. Number of studies published by year in which (1) animal captures took place in the United 
States, (2) animals were examined for I. scapularis, or (3) either the host or ticks collected were 





Figure 2.2. Map of eastern United States where studies involving animal captures for research on the 
ecology of Lyme disease took place from 1970-2014. The number of studies in each state is indicated in 




Figure 2.3. Number of hosts collected from 1970-2017 divided into categories of projected host 
permissiveness based on similarities in body mass and life-history traits to the six hosts species tested in 







Figure 2.4A. Boxplot of the intensity of larval Ixodes scapularis infestation for the 16 wildlife hosts most 
commonly reported with high prevalence of infestation (>50%) in the Midwest US. Numbers in 





Figure 2.4B. Boxplot of the intensity of larval Ixodes scapularis infestation for the 16 wildlife hosts most 
commonly reported with high prevalence of infestation (>50%) in the Northeast US. Numbers in 
parentheses represent the number of hosts examined. Points represent data that lie outside the 10th and 





Figure 2.4C. Boxplot of the intensity of larval Ixodes scapularis infestation for the 16 wildlife hosts most 
commonly reported with high prevalence of infestation (>50%) in the Southeast US. Numbers in 




Table 2.1. Region, State and County where data were collected included in this meta-analysis. 
Region State Counties Studies 
Northeast 
 
Connecticut Fairfield; Hartford; Litchfield; 
Middlesex; New Haven; New 
London; Tolland; Windham 
Anderson et al, 1983; Anderson et al, 1984; Stafford et al, 1995; 
Anderson et al, 1986a; Anderson et al, 1986b; Anderson et al, 
1987a; Barbour et al, 2015; Carey et al, 1980; Magnarelli et al, 
1984; Magnarelli et al, 1986; Magnarelli et al, 1991; Main et al, 
1981; Main et al, 1982; Stafford 1993; Stafford et al, 2003; States et 
al, 2014 
 Maine Tolland Connery 1992; Elias et al, 2011; Rand et al, 1998; Rand et al, 2003; 
 Maryland Allegany; Anne; Arundel; 
Baltimore; Calvert; Caroline; 
Carrol; Cecil; Charles; 
Dorchester; Fredrick; Garrett; 
Harford; Howard; Kent; 
Montgomery; Piedmont; Prince 
George's; Queen Anne's; 
Somerset; St. Mary's; Talbot; 
Washington; Wicomico; York 
Amerasinghe et al, 1992; 
Amerasinghe et al, 1993; Anderson et al, 2006; Daniels et al, 1993; 
Glass et al, 1994; Giery and Ostfeld 2007; Hofmeister et al, 1999; 
Magnarelli et al, 1991; Scharf 2004 
 Massachusetts Barnstable; Dukes; Essex; 
Franklin; Worcester 
Davidar et al, 1989; Mather et al, 1989; Deblinger et al, 1993; 
Daniels et al, 1993; Telford et al, 1988; Adler et al, 1992; 
 New Hampshire Carroll; Hillsborough; 
Merrimack; Yarmouth 
Daniels et al, 1993; Anderson et al, 1987b 
 New Jersey Burlington; Monmouth; Morris; 
Passaic; Rockingham; Sussex; 
Warren 
Rulison et al, 2014; Schulze et al, 1984; Schulze et al, 1986; 
Schulze et al, 2005;  
Risley et al, 1995; Zolnik et al, 2015 
 New York Albany; Broome; Chenango; 
Columbia; Greene; Dutchess; 
Morris; Orange; Rensselaer; 
Saratoga; Seneca; Suffolk; 
Washington; Westchester 
Anderson et al, 1987b; 
Battaly, 1993; Bosler et al, 1984; 
Battaly et al, 1987; Daniels et al, 1993; Falco and Fish, 1988; 
Falco and Fish, 1992; Fish and Dowler, 1989; Fish and Daniels, 
1990; Ginsberg and Ewing, 1989; Giardina, 2000; Giery and 
Ostfeld, 2007; Ginsberg 1992; Ginsberg et al, 2005; Hersh et al, 
2014; Ostfeld et al, 1996; Prusinski et al, 2006; Roome et al, 2017; 






Table 2.1 (cont.) 
Region State Counties Studies 
 Pennsylvania Lebanon; Westchester Daniels et al, 1993 
 Rhode Island Newport; Washington Markowski et al, 1998; States et al, 2014 
 Virginia Accomack; Buckingham; 
Caroline; Chesterfield; 




Levine et al, 1991; Kelly et al, 2014; Sonenshine et al, 1995; Tanner 
et al, 2010 
Midwest Illinois Brown; Bureau; Calhoun; Cass; 
Champaign; Cook; Fulton; 
Grundy; Kankakee; Lasalle; 
Lake; Marshall; Mason; McLean; 
Morgan; Ogle; Peoria; Piatt; 
Pike; Putnam; Schuyler; Scott; 
Tazewell; Will; Woodford; 
Vemillion;  
Callister et al, 1991; Cortinas and Kitron, 2006; Jones and Kitron 
2000; Kitron et al, 1992; Slajchert et al, 1997; Kitron et al, 1991; 
Mannelli et al, 1993; Mannelli et al, 1994; Parker et al, 2017; 
Rydzewski et al, 2011; Schneider et al, 2015 
 Indiana Clark; Crawford; Kosciusko; 
Lagrange; Marion; Newton; 
Porter; St. Joseph; Steuben; Vigo 
Pinger and Glancy, 1989; Pinger et al, 1991 
 Iowa Allamakee Novak et al, 1991; Callister et al, 1988 
 
 Michigan Kalamazoo; Barry; Ionia; 
Clinton; Van Buren; Muskegon; 
Manistee 
Hamer et al, 2010; Hamer et al, 2012a; Hamer et al, 2012b; Mize et 
al, 2011; Nicholls and Callister, 1996 
 
 Minnesota Hubbard; Itasca; Morrison; Pine; 
Washington; Winona 
Callister et al, 1988; Gill et al, 1993; Johnson et al, 2017; Loken et 
al, 1985; Nicholls and Callister, 1996; 
 
 Missouri (note: data not provided at the 
county-level) 
Al-Warid et al, 2016 
 North Dakota Billings; Eddy; Grand Forks, 
McKenzie; Morton; Pembina; 
Ramsey; Rolette; Steele 





Table 2.1 (cont.) 
Region State Counties Studies 
 Wisconsin Adams; Ashland; Burnett; 
Chippewa; Clark; Columbia; 
Crawford; Dane; Door; Fond Du 
Lac; Grant; Green; Iowa; 
Jefferson; La Crosse; Lincoln; 
Manitowoc; Marathon; 
Marinette; Milwaukee; Monroe; 
Outagamie; Ozaukee; Pierce; 
Portage; Racine; Rock; Rusk; 
Sauk; Sawyer; Shawano; Taylor; 




Anderson et al, 1987b; Callister et al, 1988; Callister et al 1989; 
Callister et al, 1991; Caporale et al, 2005; Cleven et al, 1992; Davis 
et al, 1984; French et al, 1992; French, 1995; Godsey et al, 1987; 
Jackson and DeFoliart, 1970; Johnson et al, 2017; Magnarelli et al, 
1986; Platt et al, 1992; Riehle and Paskewitz, 1996; Walker et al, 
1996; Weisbrod et al, 1989 
 
Southeast Alabama Lee Luckhart et al, 1991 
 
 Florida Bay; Brevard; Leon Durden et al, 1993; Durden et al, 2000; Magnarelli et al, 1991 
 Georgia Liberty Durden et al, 1997; Durden et al, 2004; Magnarelli et al, 1991 
 Louisiana West Feliciana Leydet et al, 2014 
 Mississippi (note: data not provided at the 
county-level)  
Demarais et al, 1987 
 
 North Carolina Beaufort; Currituck; Jones; 
Onslow; Robeson; Wake 
Apperson et al, 1993; Apperson et al, 1990; French et al, 1992; 
Levine et al, 2017; Magnarelli et al, 1986; Magnarelli et al, 1991 
Ouellette et al, 1997;  
 
 Oklahoma Adair; Clay; Latimer; McCurtain; 
Osage; Pushmataha; Payne; 
Sequoyah; Tulsa 
Garvin et al, 2015; Skinner et al, 2017 
 South Carolina Charleston  Durden et al, 1997 
 Texas Brazos Rodrigues et al, 2015 
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Table 2.2: Summary information of the number of articles, wildlife host species and total count of 
individual wildlife hosts. 
U.S. Region Number of 
Studies* 
Number of 
Wildlife host species** 
 Total number of 
Wildlife hosts 
 
 Birds Mammals Reptiles  Birds Mammals Reptiles 
Midwest 38 98 25 0  26,622 23,207 0 
Northeast 61 60 28 6  94,216 35,321 340 
Southeast 21 16 20 11  132 6,537 387 
Total 116 112 43 12  120,970 65,717 727 
* two studies split between two regions and one study split among three regions 




Table 2.3. Ixodes scapularis prevalence and intensity of infestation among wildlife hosts.  
U.S. Region 
I. scapularis infestation on hosts  













Midwest         






3,081  n.d. n.d. 






3025  n.d. n.d. 




6,583  n.d. n.d. 
Northeast         






21,812  n.d. 
3 
23 






9591  n.d. 
0 
23 




4,626  n.d. n.d. 
Southeast         













1996  n.d 
0.471 (0.293) 
287 
 Adults n.d. n.d.  0.271 (0.052) 500 
1 
411  n.d. n.d. 
n.d.- No data 
Prevalence- proportion of individuals with ticks, Intensity-number of ticks per individual 
N= number of hosts examined. (note: only include host counts from which there was data reported)  
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Table 2.4. Borrelia burgdorferi average sero-prevalence among wildlife hosts (variance) based on records from 25 publications (Midwest:13, 
Northeast:10, Southeast:6; one article provides data for both the Northeast and Southeast regions). MBA- Microscope-based assays, NABA- 




B. burgdorferi prevalence 
(number tested) 
 Birds Mammals Reptiles 
 MBA N NABA N MBA N NABA N MBA N NABA N 
Midwest 
n.t. n.t. 0.108 (0.044) 2070 
0.139 
(0.062) 1770 n.t. n.t 
Northeast 
0.5 2 n.t 0.386 (0.094) 3228 
0.205 
(0.024) 880 n.t. n.t. 
Southeast 
n.t. n.t 0.258 (0.05) 515 n.t. 0 51 n.t 
n.t.- No animals tested 
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Table 2.5: Borrelia burgdorferi sensu lato average prevalence among Ixodes scapularis (variance). 
N=number of ticks tested. 
 
U.S. Region 
B. burgdorferi prevalence (variance) 
N Birds N Mammals N Reptiles N Total 
Midwest         
 Larvae 15 0.359 (0.309) 1128 
0.108 
(0.044) 0 n.t. 1143 
0.123 
(0.057) 
 Nymphs 30 0.424 (0.218) 279 
0.209 
(0.071) 0 n.t. 309 
0.236 
(0.090) 
 Adults 0 n.t. 530 0.171 (0.015) 0 n.t. 530 
0.219 
(0.054) 
Northeast         









 Nymphs 903 0.266 (0.097) 1542 
0.303 
(0.094) 0 n.t. 2445 
0.279 
(0.094) 
 Adults 0 n.t. 6509 0.087 (0.008) 0 n.t. 6509 
0.088 
(0.008) 
Southeast         
 Larvae 4 0 150 0.006 (0.0002) 0 n.t. 154 
0.005 
(0.0002) 
 Nymphs 16 0.063 (0.036) 2 
0.041 
(0.011) 0 n.t. 18 
0.048 
(0.018) 
 Adults 0 n.t. 410 0.069 (0.003) 0 n.t. 410 
0.069 
(0.003) 
n.t.- none tested 
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Table 2.6. Relative contribution of wildlife host to infected nymphs by region using average values of prevalence of feeding I. scapularis larvae 
infected with B. burgdorferi (BBL) (as determined by microscope-based assays (MBA) and nucleic-acid based assays (NABA), prevalence of 
larvae feeding on each host (PSL), and probability of I. scapularis feeding to completion on host (HP).  
      













s.l. s.s. MBA NABA 
Midwest       
 Peromyscus leucopus White footed mouse 0.034 0.019 0.13 0.0715 0.529 0.493 
 Tamias striatus Eastern chipmunk  0.032 n.d. 0.162 0.807 0.243 
 Turdus migratorius American robin  0.003 n.d. 0.077 0.2 0.172* 
Northeast       
 Blarina brevicauda Short-Tail Shrew 0.143  0.705 n.d. 0.414 0.493* 
 Didelphis virginiana Virginia opossum  0.003 0 0.157 0.576 0.035 
 Mephitis mephitis Striped skunk  0.002 0.05 0.091 0.86 0.035* 
 Microtus 
pennsylvanicus Meadow vole 
0.00  0.455 n.d. 0 0.493* 
 Peromyscus leucopus White footed mouse 0.090 0.252 0.346 0.967 0.529 0.493 
 Procyon lotor Raccoon 0.0014 0.003 0.14 0.246 0.304 0.035* 
 Tamias striatus Eastern chipmunk  0.053 n.d. 0.253 0.86 0.243 





CHAPTER 3: A SPATIAL AGENT-BASED MODEL OF THE DISEASE VECTOR IXODES 
SCAPULARIS TO EXPLORE TICK-HOST ASSOCIATIONS2 
 
INTRODUCTION 
Tick-borne diseases are increasing worldwide and have had a progressively negative impact on 
human health over the past century (Gaff and Gross, 2007; Jones et al, 2008). The black-legged tick, 
Ixodes scapularis, is the known vector of several emerging tick-borne diseases, including human 
babesiosis, human anaplasmosis, Powassan virus and Lyme disease (Spielman et al, 1985; Schwartz 
et al, 1997; Piesman and Eisen, 2008).To effectively manage the risk of contracting such diseases 
requires a better knowledge of the interactions of the tick, their environment and the wildlife 
host community upon which they feed. 
The wildlife host community is essential to the life cycle of I. scapularis; therefore, 
previous management efforts have sought to reduce human disease risk through the culling of 
wildlife thought to maintain I. scapularis populations, namely white-tailed deer (Odocoileus 
virginianus) (Wilson et al, 1985). Reducing deer populations in the attempt to disrupt the 
reproduction stage of the ticks life cycle is ineffective because adult ticks can obtain a blood 
meal from other wildlife hosts and each female tick can lay thousands of eggs (Deblinger et al, 
1993; Rand et al, 2003). More recently, small rodents such as white-footed mice (Peromyscus 
leucopus) are being targeted by researchers (e.g., tickproject.org). Targeting small rodents has 
the potential to control tick populations because hosts for the juvenile stage of ticks can be a 
limiting factor (Van Buskirk and Ostfeld, 1995; Kurtenbach et al, 2006). By understanding the 
factors that control interactions between wildlife host populations and the tick vector through 
novel strategies, we can identify priorities for managing disease risk (Sandberg et al, 1992; 
Piesman and Eisen, 2008). 
One such strategy involves modeling, which may be particularly useful especially since 
it is nearly impossible to perform large-scale experimental studies of different management 
scenarios in natural settings (Van Buskirk and Ostfeld, 1995; Caraco et al, 1998; Wood et al, 
2014). Explicitly modeling the interactions between the vector and wildlife community and 
decomposing the relative contributions of parameter changes to model output can help us to 
understand the factors that allow tick populations to propagate (Caraco et al, 2002; Dobson and 
                                                   
2 This work was previously published through Elsevier in the journal Ecological Modelling. 
Full citation: 
Halsey SJ, Miller JR (2018) A spatial agent-based model of the disease vector Ixodes scapularis to explore tick-host 




Stuart, 2016). However, previous models for vector-borne diseases have tended to focus only on 
pathogen transmission between vectors and hosts while ignoring the population dynamics of the 
vector (Caraco et al, 2002). 
Most models that investigate tick and host population dynamics are state variable 
models, taking the form of differential equations (e.g. Ogden et al. 2005; Wu et al. 2010; 
Maliyoni et al. 2017), negative binomial (e.g., Tran and Waller 2015), matrix models (e.g. 
Mount et al. 1997; Dobson and Auld 2016) and cellular automata (e.g. Madhav et al. 2004). Yet 
these models are limited in their ability to identify key factors in the ticks life-cycle that 
influence population dynamics due to simplifying assumptions that reduce the number of 
processes in the model. These include reducing the number of stages representing the life-cycle 
of the tick vector, characterizing individual tick behavior as homogeneous and ignoring the 
seasonal patterns of tick abundance (Van Buskirk and Ostfeld, 1995; Deelman et al, 1996; 
Caraco et al, 2002). Alternatively, one could avoid these shortcomings by employing a bottom-up 
approach and individual-based modeling (IBM) (Grimm, 1999). An IBM approach allows one to 
assign rules regarding the abiotic and biotic interactions between the ticks, wildlife hosts, and 
the environment to observe how they relate to the emergence of population dynamics (Lindsay 
et al, 1999). Several attempts using IBMs have been promising, yet, computational challenges 
necessitated a reduction in detail so that ticks were not represented as individuals and host 
movements were simplified which excludes fundamental processes involved in the tick life 
cycle such as attachment rates to hosts as well as host grooming (Wang et al, 2012, 2016). 
To expand on previously developed IBMs, we designed a spatially explicit individual-based 
tick interaction model (SEIB-TIM) that varies temperature (i.e. microclimate) across the 
environment, does not aggregate ticks, uses hourly time steps and incorporates life-stage specific 
attachment rates. We built our model for end-users who may not have a lot of coding and modeling 
experience but have a need for simulation experiments that can mimic the habitat and wildlife host 
community composition unique to their study site. For both simplicity and ease of use, we chose to 
utilize an open-source software package, Netlogo, which has a user-friendly interface (Wilensky, 
1999). We describe our model following the widely accepted comprehensive standard method for 
documentation of IBMs (Grimm et al, 2010). 
The scope of our model was to examine the processes through which two primary hosts, 
P. leucopus and O. virginianus, maintain I. scapularis populations within a homogeneous 
northeast US forest. We evaluated the general performance of the model regarding tick phenology 
before parameterizing the model by ensuring that I. scapularis infestation rates for P. leucopus 
were within the range of those seen in the field. Next, we inspected the sensitivity of model 
parameters to evaluate the robustness of our model to parameter uncertainty. Finally, we 
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examined changes in parameters as they relate to I. scapularis life-history traits to identify 




The spatially explicit individual-based tick interaction model (SEIB-TIM) (Halsey and Miller, 2018), 
operates at the scale of the tick, Ixodes scapularis and its interactions with the temperature of the 
surrounding environment as well as the wildlife hosts through which it obtains blood meals (Figure 
3.1). 
Purpose 
The purpose of the SEIB-TIM is to understand the relationships between I. scapularis, its hosts, 
and the environment. We do this by simulating these relationships in a way that is spatially and 
temporally realistic to the patterns of tick burdens observed in field studies. In doing so, we 
identify how changes in attachment and molting rates of the three life stages of I. scapularis as 
well as host grooming rates influence questing tick density. Entities, State Variables, and Scale 
The entities of the SEIB-TIM are Ixodes tick agents (representing larval, nymphal, and adult I. 
scapularis), small mammals (representing P. leucopus), large mammals (representing O. 
virginianus) and patches (representing forest habitat). The SEIB-TIM is composed of an one 
hectare homogeneous forest habitat, arranged on a 100 X 100 square grid, with individual 
patches measuring 1 m2, the scale at which ticks interact with their environment. The time step 
of the SEIB-TIM is one hour. 
Processes and Scheduling 
The SEIB-TIM is constructed to match the ecology of I. scapularis. We divided our model into 
submodels that correspond with different behaviors of the tick as well as wildlife host movements. 
The following sub-models are executed once per time step in the given order representing the 
logical order of the lifespan of the tick: pull temp, dormancy, development, reproduction, 
questing, and feeding (see sub-model sections for details). The last sub-model: Host Movement 
(see 2.9.7), also occurs once per time step and acts independently of the other sub-models. The 
order in which individual agents and patches execute a process is always randomized with state 
variables updated immediately after each operation (Figure 2). 
Ixodes scapularis life-cycle 
Ixodes scapularis has a two-year life-cycle which depends on blood meals from wildlife hosts for 
nutrition to transition through each of its post-embryonic stages (larva, nymph, and adult)(Fish, 
1993).In the spring, adult female ticks lay up to 3000 eggs, which hatch into larvae in mid-summer 
and after successfully obtaining a blood meal, molt into nymphs before overwintering and questing 
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(i.e., searching for hosts to feed on) the following year (Platt et al, 1992).After nymphs obtain their 
blood meal, they molt into adults in the fall, at which time they obtain another blood meal and 
mate, restarting the cycle the following year. 
Design concepts 
Emergence 
Total numbers of Ixodes questing and feeding on any given host at any given time emerge from 
the combined behaviors of the agents (ticks and hosts) in response to the environment (e.g., 
temperature). 
Sensing 
Ixodes tick agents can sense when an appropriate host is within one meter square of their location. 
Larvae and nymphs only feed on small mammals (i.e., mice), whereas adult ticks only feed on 
large mammals (i.e., deer) (Tälleklint and Jaenson, 1994; Dobson and Randolph, 2011).Ticks are 
also able to sense temperature, which influences tick development as indicated by ambient 
temperature (Branagan, 1973) calculated by degree days (Equation (1), McMaster and Wilhelm 
1997). 
Interaction 
Interactions in the SEIB-TIM are restricted to tick-host and tick-environment. 
Stochasticity 
Daily temperature is calculated using a mean and standard deviation of temperature for the day, 
therefore stochasticity is inherent in the temperature-dependent actions of the model such as tick 
questing behavior and molting. 
Observation 
At  each time step, the following information will be stored for each tick life stage (larvae, nymphs, 
adults): total number of ticks, host-specific tick infestation of each life stage. To determine the 
threshold for which we could consider the simulated I. scapularis population as representative of 
an established population, we analyzed data on I. scapularis infestation prevalence (i.e. 
proportion of hosts infested) and intensity (i.e. average number of ticks) from data collected on 
tick infestation rates over the past forty years (Halsey et al, 2018). We used a Mann Whitney U 
non-parametric test of group differences to determine whether there were differences in the 
prevalence and intensity of infestation of I. scapularis on white-footed mice and white-tailed 
deer in recently invaded and established counties. We created five groupings (E0, E1, E2, E3, E4, 
E5), where we categorized each data point as recently invaded or established based on the time 
since I. scapularis was reported in the county. For each grouping (EX, X is the cutoff for “years 





We made several assumptions in the SEIB-TIM based on our understanding of the important 
aspects of I. scapularis life cycle. Larvae and nymphs are assumed only to attach to mice 
whereas adults only attach to deer (Dobson and Randolph, 2011; Tälleklint and Jaenson, 1994). 
Ticks are only able to molt if they feed to completion (i.e., no partial feedings). However, we 
assume that 20% of ticks that are groomed off survive to resume questing and feed again 
(Cadenas et al, 2007). In our model, only temperature influences development times of I. 
scapularis (Randolph and Storey, 1999; Ogden et al, 2005; Leighton et al, 2012). Ixodes 
scapularis is known to be sensitive to environmental conditions, including temperature, 
precipitation and humidity (Schauber et al, 2005; Killilea et al, 2008; Ogden et al, 2006; Ostfeld, 
2009; Dhingra et al, 2013). However, the scope of our model is not to determine how weather 
variables influence tick populations. Rather, we use temperature as a proxy to simulate tick 
development to understand how different aspects of the tick life cycle relate to population 
maintenance. 
In our model, we have a one-hectare homogenous forest habitat, and due to the small study 
area we do not assume edge effects (Horobik et al, 2006). We chose to simulate a small study area 
due to only having a two-host community. This one-hectare habitat size more accurately represents 
the host community composition, whereas larger habitats necessitates the inclusion other species that 
can serve as wildlife hosts (Stafford III and Magnarelli, 1993; Allan et al, 2003; Brownstein et al, 
2005). In addition, to isolate the aspects of the tick life cycle, we chose to model only forest habitat 
which has both the highest rate of tick survival and is most likely to contribute to disease risk. 
Similar to Wang et al. (2012), we assume that wildlife hosts move within a set home range, which 
is not dependent on the other hosts (i.e., no territoriality or behavior avoidance). Wildlife hosts 
move once per time step and are not limited by the distance that they can move within their 
home range. This results in wildlife host only being able to move 24 times a day, a simplification 
and possible under-representation of the movements within their activity range and potential 
contact with questing ticks (Wang et al, 2012). 
All host populations are assumed to be at stable equilibria. Host density remains constant 
with no births, deaths, immigration or emigration happening within the habitat. We do not 
incorporate sex differences among wildlife hosts regarding infestation rates (but see Ostfeld et 
al. 1998; Hamer et al. 2012). We also assume that grooming efficacy (i.e., the rate at which host 
remove ticks from their body) is independent of sex and age of the host. We chose not to 
explicitly include density dependent mortality in the form of a separate parameter, instead using 
both grooming rate and attachment rate as a proxy. Mice are thought to be incapable of 
successfully grooming off attached ticks (Levin and Fish, 1998), and tick infestation level does not 
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appear to affect the proportion of ticks that feed to completion (Hazler and Ostfeld, 1995). 
However, we do constrain the maximum number of juvenile ticks per small mammal to 50 larvae 
or nymphs per host (Van Buskirk and Ostfeld, 1995; Caraco et al, 1998) We initially sought to 
constrain the number of adult ticks to 100 (Dobson and Randolph, 2011), however in our model, 
adult infestation never reached above 30 ticks per deer. 
Initialization 
The SEIB-TIM initiates on January 1, a time when nymphs and adult ticks are dormant and 
overwintering (Platt et al, 1992). Initial model settings are 50 small mammals, 2 deer and is based on 
density data (per ha) (LoGiudice et al, 2008; Quality Deer Management Association, 2017) as well 
as 1500 overwintered nymphs, 50 overwintered adults based on the mean number of feeding number 
of ticks per host usually found on each species (Halsey et al, 2018). The justification for starting the 
model with two life stages (larvae and nymphs) is to simulate two cohorts of I. scapularis as 
frequently observed in the wild (Fish, 1993). Hosts are randomly distributed throughout the 
environment. 
Input data 
The inputs are the mean and standard deviation of daily temperature for the period 2010-2015 
for Connecticut, US, a key focal area of I. scapularis, as downloaded from the National Climatic 
Data Center. (National Oceanic and Atmospheric Administration, 2015) 
Sub-models 
All model parameters are listed in Table 3.1. 
Pull-temp 
This sub-model operates only on patch entities. For each square-meter patch, at hour 1 of each 
day, the sub-model will use the mean and standard deviation of the maximum and minimum 
temperature for the corresponding day to calculate the degree day (Equation 1). The degree-day 
will be added to the patch state variable movingdd, where the cmdd (cumulative degree day) 
holds the degree-day for the last seven days. This sub-model also inserts the degree day into the 
patch state variable preovarr array, an array that contains the average temperature for the last 17 
days. 
Dormancy 
The two-year life cycle of I. scapularis requires a period of dormancy over the winter (Figure2B). 
The procedure OVER-WINTER changes the status to “dormant” for all Ixodes agents once the mean 
cumulative degree day (cmdd) falls below 58 after the month of August (Mount et al, 1997). The 
procedure AWAKEN-ADULTS, AWAKEN-NYMPHS and AWAKEN-LARVA changes the status of 
Ixodes to questing, once the mean cmdd increases to the threshold of 28 for adults, 58 for nymphs 




This sub-model operates on the Ixodes tick agents, which represent I. scapularis (Figure 2C). Each 
Ixodes agent is defined as either one of three life stages: “larva,” “nymph” or “adult.” The first 
procedure of this sub-model, EGGS-TO-LARVAE creates Ixodes with the “larva” life stage based on 
the number of eggs on a particular patch. Eggs are represented by a patch variable eggnum that keeps 
track of the number of eggs that were laid on that patch. 
The second procedure, HARDEN-CUTICLE, represents the molting period from one 
life stage to the next, one week for “larva” and “nymphs” and two weeks for “adults” (Mount et 
al, 1997). The next procedure, START-QUESTING, asks the Ixodes to change their status to 
“questing.” The larva then enters the Questing sub-model (see section 2.9.5). Completion of a 
blood meal activates the procedure LARVAE-TO-NYMPH to transition replete (i.e., fed) Ixodes 
from the life stage “larva” into the life stage “nymph” based on the larva molting probability 
(Table 3.1). Newly formed Ixodes agents with the “nymph” status undergo a period of dormancy 
until the mean cmdd reaches the acceptable threshold for them to continue their life cycle in the 
following year. 
INCUBATE-NYMPHS is a procedure representing the incubation period before replete 
nymphs transition to the adult life stage. The next procedure, NYMPH-TO-ADULT uses the nymph 
molting probability to determine the likelihood that nymphs become adult ticks and in combination 
with procedure SEX -RATIO assigns the sex of the Ixodes, based on a 50/50 probability. Any Ixodes 
that are assigned to the male category dies.  
All Ixodes agents and the patch variable eggnum have a rate of mortality based on the 
number of weeks they have been in their current life stage and whether or not they are fed which is 
enacted by the procedure, NATURALLY-DIE (Table 3.1). 
Reproduction 
Once female Ixodes agents consume a blood meal and the mean cmdd reaches 28, the female begins 
a preoviposition period where their status becomes “preoviposition” indicating that there are getting 
ready to lay eggs (Figure 3.2E). The number of eggs laid is dependent on the temperature for the past 
17 days, tracked by the patches in the pull-temp sub-model (see section 2.9.1). Once 17 days have 
passed since the adult female has started the preoviposition period, the procedure FEMALE-
ADULT-REPRODUCE will be activated, calculating the number of eggs the individual female will 
lay before dying (Table 3.1). 
Questing 
The next procedure, START-QUESTING, asks the Ixodes to change their status to “questing,” 





This sub-model represents the process of I. scapularis feeding on wildlife hosts (Figure 3.2D). The 
FEED- IXODES procedure asks Ixodes agents of any stage if their stage is “questing” and whether a 
wildlife host is within a meter radius of their position. Depending on if the tick is a juvenile or an 
adult, the tick will attempt to attach to the host based on its corresponding attachment rate (Table 
3.1). The next procedure DETACH-IXODES removes the Ixodes agent from a host once the agent 
has been attached to and feeding from a host for the specified amount of feeding time (Table 3.1). 
Detachment involves updating the location of the Ixodes agent to that of the attached wildlife host 
and setting the state variable replete to “true”. The GROOMING procedure uses the grooming rates 
of wildlife host to remove feeding Ixodes agents. Of the Ixodes agents that are groomed off, 80% die 
with the other 20% able to resume questing (Cadenas et al, 2007). 
Host Movement 
This sub-model represents the movements of the wildlife hosts (mice and deer) throughout the 
habitat. Using data on the minimum and maximum home ranges for mice and deer, 0.05-0.07 ha and 
216-345 ha respectively (Wolff, 1985; Dechen  Quinn et al, 2013), with home-ranges for each 
individual randomly chosen between those values. Each individual is allowed to randomly move 
once per time-step within their home range. If an agent reaches the edge of its home range, it will 
face back towards the center of its home range. 
Parameter estimation 
There are five unknown model parameters that have the potential to influence the number of 
ticks on hosts: life-stage specific tick attachment rate (larvae, nymph, adult), and nymph molting 
probability (i.e., the success of nymph molting into adults) and deer grooming (i.e., the rate in 
which O. virginianus removes feeding adult ticks). To estimate model parameters, we utilized 
the nlexperiment R package to determine the best parameter set via the evolutionary algorithm 
(EA) (Thiele et al, 2014). Evolutionary algorithms use evolutionary strategies such as selection 
and mutation on the parameters to find which combination of parameters best meets the defined 
criteria. 
We chose to use categorical calibration where the criterion is a range of plausible values 
rather than a single mean value to account for the heterogeneity in the distribution of ticks on hosts 
(Davidar et al, 1989). The fitting criteria used was based on data from the literature on larvae and 
adult tick infestation for each wildlife host species (e.g. mice, deer; (Halsey et al, 2018)). We assume 
that if larval and adult tick infestation intensity are within normal ranges, nymph infestation will 
follow suit. Using a cost function approach, the parameter estimates that best reproduce the observed 
tick infestation intensity will be chosen, identified by having the lowest cost value. Cost values are 
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calculated for each parameter estimate by comparing simulation results within the defined 
acceptable range, using mean square error (Thiele et al, 2014). 
To begin calibration, the EA starts with 20 randomly chosen combinations of the 5 model 
parameters, effectively creating 20 “model populations.” We sampled the entire parameter range for 
four of the five parameters, and a partial space for deer grooming (0-0.10), as deer grooming at the 
rate of 10% per hour resulted in more than 99% of ticks surviving grooming pressures for the 10-day 
feeding time needed for I. scapularis. A simulation run consists of running those 20 models 
populations with the output of mean larval infestation compared to the reference of 0-43.2 larva per 
mouse (Halsey et al, 2018). Using the two “best” populations (elitism=2) where the model output 
met calibration criteria fell and incorporating a mutation rate of 16.67%, the EA creates a subsequent 
generation of 20 new populations. We ran the EA for 20 generations, resulting in 400 total model 
combinations, with 10 repetitions each. The goal was to sample the entire parameter space, with 
a high enough mutation frequency to prevent the EA from fixating in a state space, but not so 
high that the model never converges on a single value. Successful parameterization includes 
reaching an equilibrium in the cost value where subsequent generations do not result in a better 
model fit and searching the entire parameter space for each parameter. 
Sensitivity analysis 
To assess the sensitivity of model outcomes (i.e., host infestation rates, density of questing ticks) 
to variation in each parameter, we utilized two methods: Global sensitivity and local sensitivity 
analyses (Saltelli et al, 2000; Borgonovo et al, 2003; Ginot et al, 2006). Global sensitivity analyses 
assess input variables over the full range of their possible values whereas local analyses varies 
model parameters over a small percentage one at a time around a central default value 
(Beaudouin et al, 2008). Using the nlexperiment R package, we used the Fourier amplitude 
sensitivity test (FAST), a variance based global sensitivity analysis based on the Fourier 
transformation sampling design to measure the strength of the contribution of uncertain inputs 
on larval infestation rates (Cukier et al, 1973). This method returns a first-order sensitivity index 
(Si) or “main effect” where values closest to one indicate a larger influence of model output. 
This method is the best choice for computationally expensive models because it is more 
efficient and requires fewer runs as compared to other global sensitivity methods (e.g., Sobol, 
Reusser et al. 2011). 
To identify the likely consequences of management efforts that target specific stages in 
the life cycle, we assessed how changes in parameter values for tick attachment, grooming and 
molting rates influence questing tick density. We used the one-at-a-time (OAT) method to 
perform local sensitivity analyses where we increase/decrease each of the eight parameters by 
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10% to determine if any particular parameter was more influential in relation to the proportional 
change on the density of questing ticks at each life stage. 
 
RESULTS 
Because we found that there is a threshold between the second and third year in the prevalence 
(Table 3.2), we discarded the data from the first two years of our models and focused only on the 
results from the last ten years of the model. There was no significant difference in intensity of 
infestation on white-tailed deer throughout the years. Due to no records of larval tick prevalence on 
white-footed mice in the first two years of the invasion time line we are unable to identify whether 
there is a threshold for the prevalence of larva within the first two years of I. scapularis reporting. 
However, the intensity of larval infestation varied significantly between the years. 
Phenology 
The SEIB-TIM followed the seasonality for I. scapularis in the northeastern United States 
(Figure 3). With each year, the number of ticks feeding on wildlife hosts increased with 
phenological patterns of nymphs appearing before larvae remaining constant across years. Adult 
I. scapularis that failed to find a host in the previous year emerge from dormancy and start to 
feed mid-April, with this cohort surviving to feed until early June. Nymphs start feeding on 
wildlife hosts in early May, peaking in late May to early June and tapering off in early August. 
Larval I. scapularis start to emerge in mid-July, with the majority feeding in early August and 
peaking mid to late August, and the last larvae feeding mid-October. Adult I. scapularis begin 
feeding mid-August, peaking mid-October and ending mid-November. 
Sensitivity analysis 
Fourier amplitude sensitivity test 
We found that model output is most sensitive to uncertainty in nymph molting rates, deer 
grooming and grooming survival for larvae and nymph infestation (Figure 4a,b). However, for 
adult infestation of deer, the top ranking parameter influencing model output was deer grooming 
rates influences model output (Figure 4c). 
One-at-a-time 
Total number of questing ticks increased with time; however, reductions or increases in parameter 
values result in analogous changes in tick populations (Table 3.3). A 10% increase in mice grooming 
reduces larval ticks almost immediately by 20% or more; however, this decline is not noticeable ten 
years following establishment. In contrast, a 10% decrease in mice grooming corresponds to a 
45% increase in questing larval ticks by year 10. This same pattern holds true for questing 
nymphs and adults. Changes in deer grooming has a more dramatic effect on questing tick 
populations. A 10% reduction in deer grooming can increase the number of larval questing ticks 
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in year 10 by almost 50% and questing nymphs by 40% in year 5 and 60% in year 10. The 
effect of increasing deer grooming is not as effective but still reduces larval and nymphal 
questing population by approximately 30%. 
Relative changes into grooming survival and larvae molting probably seem to have little 
effect on questing ticks. Increases in larval attachment rates have the potential to increase the 
number of questing adults in year one but this effect disappears by years five and ten. Changes 
in nymph attachment does not influence the questing population of either life stage, However, 
increasing adult attachment rates can result in a 42% increase in larval questing ticks by year 10, 
and steady increases in nymph questing from years 1-10. 
 
DISCUSSION 
Life-stage Specific Management Actions 
Modeling vector-borne diseases with a dual focus on both the vector and host populations can 
identify priorities for empirical research and may offer a mechanism for evaluating control 
policies (Sandberg et al, 1992; Van Buskirk and Ostfeld, 1995). This paper describes the first I. 
scapularis IBM where both the tick vector and wildlife hosts are represented as individual 
agents. By explicitly representing the interactions between the various tick life stages and 
wildlife hosts, our model reveals the significance of host grooming, tick molting and tick 
attachment rates to the maintenance of tick populations with regard to changes in model 
parameters that are specific to the ticks life cycle (Caraco et al, 1998). 
Global sensitivity analyses allowed us to detect both main and interaction effects of 
parameter variation in output. We performed this analysis only on the parameters for which we 
were uncertain about the value and subsequently parameterized via calibration. To do this, we 
examined the full range of values to determine how robust our model is to parameter uncertainty 
and found that grooming survival, nymph molting and deer grooming were the most influential 
parameters. This suggests that the conclusions developed from our model output are dependent 
on the accuracy of these three values. We recommend future research to assess adult tick survival 
with regard to deer grooming behaviors and nymph-to-adult molting rates. 
We also performed local sensitivity analysis by varying parameter values using the one-at-
a-time (OAT) method to isolate effects from each parameter corresponding to a ticks life stage. In 
the case of this model, our OAT results identified four of the eight parameters in which changes in 
value resulted in a disproportionate change in model output. Because we restricted our local 
sensitivity analysis to a parameter range of 10% above or below the default value, our results are 
limited to examining whether any specific parameter resulted in a disproportionate change in 
model results. It is highly likely that larger changes in these parameters could result in greater 
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differences in the numbers of questing ticks. These parameters included mice grooming, deer 
grooming, nymph molting probability and adult attachment rates. However, for many of these 
parameters, it takes approximately five to ten years for changes to manifest and they only 
impact specific tick life stages. For example, only in year ten, did a reduction in mice grooming 
rates by 10% result in a 30% decrease of questing nymphs. As questing nymphs are recognized 
as the greatest threat to human disease risk (Mather et al, 1996), management actions that take 
ten years to manifest may not seem like the best option. However, reducing the success of 
feeding juvenile ticks through management interventions such as targeted use of insecticides on 
wildlife hosts may prove fruitful (Ostfeld et al, 2006; Stafford et al, 2017), especially if efforts 
result in more than a 10% decrease in ticks successfully feeding on mice. 
In contrast, previous modeling studies recommended targeting O. virginianus, which is 
known as the reproductive host for I. scapularis and emphasized the importance of deer 
abundance in the maintenance of tick populations (Deblinger et al, 1993; Van Buskirk and 
Ostfeld, 1995; Mount et al, 1997). However, experimental manipulations targeting deer have 
been ineffective at controlling I. scapularis populations (Deblinger et al, 1993; Duffy et al, 1994; 
Wilson, 1994), showcasing the weak role of deer in the maintenance of juvenile tick populations. 
In our model, reducing the number of adult ticks able to successfully feed on deer took 10 years 
to result in an approximate 36% reduction in larval questing ticks, and 30-35% decline in questing 
nymph ticks. We found one interesting case for which we are unable to explain, where a 
decrease in the number of nymphs that successively molt into adults resulted in a 48% increase 
in the number of questing nymphs in the first year, but this effect disappears in subsequent 
years. This same decrease in molting probability also resulted in a 35% decline in the number of 
questing adult ticks. It is important to note that in our model, there was a general trend toward 
larger tick populations with each successive year, meaning that while it may not seem like 
management actions targeting the ticks life cycle are effective at reducing absolute tick numbers, 
comparing these changes to the default model parameters, emphasizes their value in maintaining 
tick populations. 
All models make simplifying assumptions and the assumptions we make in our model 
have several implications for the results. Because we restrict attachment of larvae and nymphs to 
only mice, it is possible that we are underestimating tick abundance as larvae do also feed on 
deer (Bosler et al, 1984). However, because our study area is small, having larvae feed on deer 
could inflate population size. In addition, because the presence of I. scapularis is most strongly 
correlated with forest habitat, we restrict the focus of our model to forest habitat. Although ticks 
can survive in the grassy meadows and the ecotone region between the two, forest habitat has 
the highest rate of tick survival (Mount et al, 1997). Further, we believe that the relationship 
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between changes in the ticks life cycle and tick abundance will remain the same in other habitat 
types. 
Model Utility 
Our motivation for building the SEIB-TIM was two-fold. First, we sought to develop a model that 
has the potential to become a tool for epidemiologists, enabling them to conduct simulation 
experiments that mimic the habitat and wildlife host community composition that is unique to their 
study site (Grimm, 1999).To make this tool easily accessible, we used an open-source program with 
a user-friendly interface rather than a proprietary program where interactions occur in a black box. In 
addition to being user-friendly, we were able to design our model with the complexity needed to 
answer a broader range of questions than previous models. This complexity resulted in extended run 
times where for our model to simulate 12-years, it took an average of eight to nine hours on a 
desktop. Though lengthy, we found little variation in model output between runs, indicating that we 
did not need hundreds of repetitions. Whereas previous models aggregated many of processes that 
influence vector populations either spatially or temporally (e.g., Mount et al. 1997; Ghosh and 
Pugliese 2004; Dobson and Randolph 2011), our IBM approach incorporates both detailed temporal 
and spatial relationships, which are known to be important to the maintenance of I. scapularis 
(Ostfeld et al, 1996; Goodwin et al, 2001).With few additions, this model can easily incorporate 
multiple host species and disease transmission as well as utilize additional input about abiotic 
habitat conditions. 
Second, we built this model to develop a better understanding of tick population 
dynamics and the mechanisms through which they are maintained. To explore tick-host 
associations in a way that allows us to identify the portion of the life-cycle that influences 
population dynamics of I. scapularis, our model (1) represents each stage of the life cycle of 
individual ticks, (2) represents interactions between the tick and its environment in response to 
temperature, (3) represents interactions of the tick with the wildlife hosts upon which they obtain 
their blood meals, and (4) outputs time series information on the numbers of questing and 
feeding ticks for each life stage. By varying model parameters such as tick attachment rates and 
host grooming, we can learn how the tick population responds to perturbations in the system. 
Every model builds upon previously developed models, adding new information which 
makes the model capable of asking different questions. We built our model with our specific 
objectives in mind, to identify which aspects of the ticks life cycle are important to the 
maintenance of tick populations by employing a bottom-up approach. Although there are 
previous spatially explicit individual based models developed, they are either primarily focused 
on a specific disease (Deelman et al, 1996) or parameterized for different tick species (Wang et 
al, 2012). In addition, including a spatial aspect into models can allow for questions related to 
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the role changes in climate and wildlife hosts play in tick range expansion (Madhav et al, 2004; 
Tran and Waller, 2015). Though several models emphasize important aspects of ticks life cycle, 
yet again the primary focus remains on reducing human disease risk (Van Buskirk and Ostfeld, 
1995; Caraco et al, 2002). Van Buskirk and Ostfeld (1995) suggest that effort might be better 
spent at reducing the prevalence of disease risk rather than reducing total tick numbers. 
However, their model was based solely on changes in host density, emphasizing the role different 
wildlife species play in feeding specific tick life stages. From this point of view, attempting to 
manage disease risk through managing host populations can be both time and cost intensive. 
However, the results from our model show that you do not necessarily need to modify host 
densities to have an impact on tick populations, management actions that reduce the number of 
ticks able to successfully feed on host can also be effective. 
We chose to design the SEIB-TIM from the perspective of the tick by utilizing a spatial 
scale that mimics micro-habitat conditions that affect influence tick development. Additions to 
this model could include additional environmental characteristics such as relative humidity and 
habitat type so that this model can be use to answer further questions such as those related to 
climate change (Ogden et al, 2006). To provide a more realistic representation of host 
movements and provide sufficient host-tick encounter rates, we used a hourly timestep so as to 
allow the wildlife hosts in our model the ability to cover as much of their home range within a 
24-hour period. However, Wang et al. (2012) estimated that an IBM would need as many as 
400-time steps per 24-hour day to characterize wildlife host movements accurately. For 
simplicity and to reduce computational time we chose to use hourly intervals to represent the 
interactions in our model. 
Regardless of the reduced number of time steps, our model has accurately simulated the 
interactions between I. scapularis, wildlife hosts, and the environment. We first tested the model 
to ensure that the simulated ticks followed the life cycle of I. scapularis, which has a distinct 
seasonality. Our model is unique in this respect, as previous models tend to ignore the seasonal 
patterns in tick abundance (Stanek et al, 2012). Tick phenology is critical to the maintenance of 
many tick-borne pathogens (Randolph and Storey, 1999). Including seasonality in our model via 
temperature driven tick development, tick questing behavior follows the phenology of I. 
scapularis in the Northeast where nymphs appear in May, larvae appear in late July and peak in 
mid-August, and adults appearing in early fall (Gatewood et al, 2009). To modify this model for 
other regions would simply involve changing temperature inputs for the desired region. As 
temperature regulates tick development, incorporating the unique aspect of the Ixodes life-cycle 
in our model where nymphs appear before larvae is crucial to understanding the factors that 
contribute to the maintenance of tick-borne diseases (Randolph and Storey, 1999). 
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Possible caveats should be kept in mind when attempting to use this model ecological 
questions. Modeling a heterogenous habitat would likely reduce the tick population further as 
any ticks that drop from their host in non-forest habitat would have decrease probability of 
survival and thereby a heterogenous habitat has the potential to reduce overall tick abundance. 
In addition, not including territoriality in our model means that the home ranges of mice are 
allowed to overlap which may give ticks a greater chance of coming into contact with a wildlife 
host whereas if territories were in effect, there would be a reduced probability of encountering a 
host. To isolate the components of the ticks life-cycle, we chose to keep wildlife host densities 
constant, although host populations fluctuate based on food resources and seasonality, changes in 
host density can result in corresponding oscillations in tick populations with a one to two-year lag 
(Ostfeld et al, 2006a).  
However, the relationship between the number of ticks and host proceeds nonlinearly 
(Awerbuch and Spielman, 1994), where larvae tends to concentrate on fewer hosts when host 
density declines (Levi et al, 2016), which may mean that at lower host densities, management 
actions have a potentially larger impact. Although the research area of one hectare that we use 
for our modeling exercise may seem small, we believe that the results of our model can extend to 
larger study areas. Because we use a bottom-up approach to examine how the interactions 
between the tick and wildlife hosts influence the overall maintenance, the relationship between 
tick grooming, molting and attachments rates and the questing tick population should remain 
similar at larger spatial scales. Using sensitivity analysis allowed us to determine which 
parameters are crucial to model output and for future model iterations, it may be possible to 
remove the negligible aspects of the model. For example, our model output is not very sensitive 
to changes in attachment rate and now that we have an approximation of these values for each tick 
life stage, we can estimate the proportion of ticks that successfully find host. Using only the 
higher-level relationships between ticks and hosts can result in fewer behind the scene 
computational operations, speeding up the model and allowing us to increase both the temporal 
and spatial aspect. Of course, increasing the study size will necessitate adding additional wildlife 
hosts to be representative of nature since extensive forest habitat serves a greater diversity of 
wildlife than small forest fragments (Rosenblatt et al, 1999). Although beyond the scope of our 
current study, our future plans include manipulating the host community composition and density 
of wildlife hosts to test how biodiversity can regulate vectors and subsequently influence disease 







We developed a spatially explicit individual-based tick interaction model for the black-legged tick, I. 
scapularis, a vector of several diseases relevant to human populations. In addition to providing 
information about how components of the tick life-cycle influence tick population dynamics, this 
model serves as the foundation for a more complex model that can answer the questions researchers 
are unable to address empirically. We chose to use a simplified model with only mice and deer 
because these two species are thought to be the minimum requirements for maintaining both a tick 
population and the pathogens that cause tick-borne disease (Ostfeld and Keesing, 2000). As the 
number of cases of tick-borne diseases continues to rise, there is a need for novel strategies and 
tools to reduce disease risk. This SEIB-TIM puts us one step closer to designing effective 




FIGURES AND TABLES 
Figure 3.1: Conceptual model representing the life-cycle of the black-legged tick Ixodes scapularis, and 




Figure 3.2: Conceptual diagram of the processes and schedule for the spatially explicit tick interaction 
model. A) Overview of tick interaction model. B) Dormancy sub-model C) Development sub-model D) 
Feeding sub-model E) Reproduction sub-model. Symbols represent the types of actions/steps in the 
model: diamond- a decision that must be undertaken based on the answer to a question, trapezoid user is 
prompted for information that must be manually input into a system, isosceles trapezoid- a operation the 
human user must perform, half cylinder- data stored in model with in an array or calculated values, 




Figure 3.3: Phenology of feeding Ixodes scapularis from the spatial explicit individual based tick interaction model (TSEIB- 
TIM) for years 1, 5 and 10 after establishment using a five-year average (2010-2015) daily temperature for Connecticut, US as 




Figure 3.4: Fourier amplitude sensitivity test (FAST) results for the five parameters 
estimated via parameterization for a) Larval Ixodes scapularis infestation of mice in August 
b) Nymphal Ixodes scapularis infestation in May and c) nymphal Ixodes scapularis 
infestation of deer in October. 
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Table 3.1: Model parameters with citations from literature. 
 
Parameters Constant or Equation Citation 
Fecundity (eggs per female) -24.6 * T2+ 836 * T - 4106 Mount et al. (1997) 
Egg Mortality Rate 0.00003017683/hour Mount et al. (1997) 
Egg Hatch to larvae 110 degree days a Mount et al. (1997) 
Larvae to Nymph 58 degree days Mount et al. (1997) 
Nymph to Adult 81 degree days Mount et al. (1997) 
Female adult to Pre-oviposition 28 degree days Mount et al. (1997) 
Feed Time   
Larvae 3 days Davidar et al. (1989) 
Nymphs 5 days Davidar et al. (1989) 
Adults 10 days Davidar et al. (1989) 
Unfed tick death rate in forest habitat Tick age < 40 weeks 
Larvae 0.000213472/hour Mount et al. (1997) 
Nymphs 0.000003159/hour Mount et al. (1997) 
Adults 0.000000183/hour Mount et al. (1997) 
Tick age > 40 weeks   
Larvae 0.000517143/hour Mount et al. (1997) 
Nymphs 0.000363855/hour Mount et al. (1997) 
Adults 0.000360880/hour Mount et al. (1997) 
Replete ticks death rate in forest habitat 
Larvae 0.0001317776/hour Mount et al. (1997) 
Nymphs 0.0000958566/hour Mount et al. (1997) 
Adults 0.0000912404/hour Mount et al. (1997) 
Probability of attaching to host   
Larvae 0.103726853/hour Parameterized value 
Nymphs 0.16788807/hour Parameterized value 
Adults 0. 011786875/hour Parameterized value 
Molting Success   
Larvae 0.415 LoGiudice et al. (2003) 
Nymph 0.276 Parameterized value 
Grooming Rate   
White-footed mouse 0.00734/hour Keesing et al. (2009) 
White-tailed deer 0.00495/hour Parameterized value 
Grooming survival 0.2 Cadenas et al. (2007) 
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Table 3.2: Mann–Whitney test of non-parametric test of group differences for the prevalence and intensity of larvae on white-




Species specific infestation Recently invaded versus established 
 E0 E1 E2 E3 E4 E5 
W p W p W p W p W p W p 
Prevalence             
White- Footed Mouse – – – – 230.5 0.497 486.5 0.1134 332.5 0.192 249.5 0.852 
White-Tailed Deer 5309 0.149 7465 0.117 7987.5 0.036 6200.5 0.155 4888 0.913 3516 0.174 
Intensity             
White-Footed Mouse 2707 0.717 3280.6 0.036 3595 0.004 3940.5 0.030 3618.5 0.007 3840 0.346 
White-Tailed Deer 1870 0.115 3259 0.507 2767.5 0.564 2482.5 0.5738 1859 0.912 1185 0.288 
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Table 3.3: One at a time (OAT) sensitivity results for eight model parameters on mean number of questing I. scapularis per 
hectare for years 1, 5 and 10. Values are percent differences from the number of questing ticks determined when all parameters 
are on at their default values. Bold indicates changes greater than 25% in either direction. 
 
  Larvae Nymphs Adults 
Parameter Value  Year 1 Year 5 Year 10 Year 1 Year 5 Year 10 Year 1 Year 5 Year 10 
Default  124,739 305,329 533,564 921 2,861 12,102 284 792 2,982 
Mice Grooming -10% -3% 1% 45% 30% 26% 25% 9% 34% 10% +10% -21% -26% -4% -24% -12% -28% -2% -30% -3% 
Deer Grooming -10% 6% 21% 46% 19% 40% 59% 32% 22% 29% +10% -11% -21% -36% 19% -31% -34% -11% -15% -25% 
Grooming survival -10% -7% -5% -11% 21% -12% -13% -1% -11% -19% +10% 15% 3% 19% 7% 15% 3% 14% -14% 14% 
Larvae Molting -10% -1% -4% 5% 20% -4% 10% 3% -16% 7% +10% 3% 1% -5% 11% -20% 3% 13% -15% -7% 
Nymph Molting  -10% 17% 12% -6% 48% -23% 6% 14% -35% -11% +10% -10% -14% 8% 18% 8% -8% 4% 6% -19% 
Larval Attachment -10% -5% -9% -17% -8% -11% -6% 3% -8% -23% +10% 10% 3% 8% 4% 5% 9% 32% 4% 14% 
Nymphal Attachment -10% -6% -12% 2% 3% 1% -4% 42% -3% 8% +10% 1% 4% 10% 10% 10% 4% -4% 13% 11% 
Adult Attachment 
-10% -2% -11% -23% 10% -21% -16% -17% -11% -21% 
+10% 3% 24% 42% 26% 36% 49% 19% 25% 39% 
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CHAPTER 4: MAINTENANCE OF BORRELIA BURGDORFERI   
AMONG VERTEBRATE HOSTS3 
 
INTRODUCTION 
The maintenance of vector-borne zoonotic diseases requires the interaction of a pathogen, vector, and one 
or more reservoir hosts (Killilea et al, 2008). In disease systems maintained by tick vectors, the spatial 
and temporal patterns of contact between ticks and their wildlife hosts can influence the efficiency and 
stability of disease transmission (Mather et al, 1994; Roche et al, 2013). Fluctuations in disease 
transmission can be attributed to alterations in the wildlife host community, more specifically changes in 
the diversity of wildlife hosts (Soneshine, 1975). Host diversity can affect disease dynamics whereby 
characteristics of the wildlife host community, such as reservoir competency (i.e., ability to transmit the 
pathogen) and host permissiveness (i.e., ability for the tick vector to successfully feed), regulate tick 
abundance and pathogen transmission (Gern and Humair, 1999, Keesing et al, 2009). Together, both 
reservoir competency and host permissiveness can potentially affect the number of infected ticks and 
subsequent human disease risk.  
Human disease risk can be impacted by wildlife host community diversity in one of two ways: 
amplification or dilution. The basic premise of the dilution effect hypothesis is that additional wildlife 
host species diminish the probability that the tick will encounter the most competent disease reservoir, 
thus preventing pathogen transmission and reducing disease risk (Ostfeld and Keesing, 2000; LoGiudice 
et al, 2003). However, with increased diversity, there is also the potential for amplifying disease risk. 
Added hosts can provide alternative sources of infection or increase vector abundance by providing 
additional blood meals (Ostfeld and Keesing, 2000; Pongsiri et al, 2009; Johnson and Thieltges, 2010). 
Mechanisms through which host diversity can influence disease risk include vector regulation (i.e., added 
species result in lower survival of the vector), encounter reduction (i.e., added species lower the 
probability that the vector will encounter the reservoir host), transmission reduction (i.e., added species 
reduce the likelihood that contact between individuals leads to pathogen transmission) and susceptible 
host regulation (i.e., added non host species limit density of susceptible hosts; Keesing et al, 2006). A 
better understanding of evidence in support for or against each of these hypothesis and mechanisms is 
needed to mitigate disease risk.  
Many studies have attempted to correlate host diversity with disease risk using metrics such as 
species richness and species diversity (e.g., Allan et al, 2009; Johnson et al, 2013). Despite providing 
information on the impact of host diversity on disease risk (e.g., greater species diversity leads to lower 
disease risk), these broad metrics cannot evaluate the contribution of specific host species. Further 
                                                   




complicating matters, correlative studies have produced evidence for both dilution (e.g., Ostfeld and 
Keesing, 2000; Ezenwa et al, 2006) and amplification (e.g., Ogden and Tsao, 2009) of disease risk in 
response to increasing host diversity, as well as no correlation between diversity and disease risk (e.g., 
Loss et al, 2009). These conflicting results have led to increased scrutiny of the dilution effect and the 
extent to which it is applicable (Randolph and Dobson, 2012). 
To understand the diversity-disease relationships and tick-borne diseases more broadly, requires 
examining the ecological relationships using a community framework (Holt and Dobson, 2006). 
However, there is disagreement about how to measure host community diversity when determining its 
effect on disease risk (Wood et al, 2016). Host diversity can be measured as either species richness, or an 
index that incorporates both richness and evenness (e.g., Shannon H Diversity). Changes in diversity can 
also alter the total abundance of hosts, possibly increasing total tick abundance (Randolph and Dobson, 
2012), and potentially negating the benefits of diversity by amplifying disease risk (Ostfeld and Keesing, 
2000; Pongsiri et al, 2009). Therefore, a more comprehensive effort is needed to understand how host 
diversity influences the abundance, distribution, and contact rates of ticks with wildlife hosts and the 
impact diversity has on pathogen prevalence (Soneshine, 1994; Ostfeld, 2011).  
Efforts to understand the effects of host diversity may involve computational modeling, 
especially since it is infeasible to perform large-scale experimental studies of different host composition 
scenarios in natural settings (Van Buskirk and Ostfeld, 1995; Caraco et al, 1998; Wood et al, 2014). 
Previous models are limited in their ability to identify the mechanisms of the dilution effect due to the use 
of simplifying assumptions which ignore the very interactions through which host communities influence 
pathogen prevalence, including but not limited to, host grooming rates, home range sizes, and explicit 
temporal and spatial processes. Traditionally, science involves making inferences about mechanisms 
based on the experimental manipulation of study systems. To date, few studies have experimentally tested 
the dilution effect to establish causal mechanisms (but see Venesky et al, 2014; Halliday et al, 2015; 
Strauss et al, 2018; Luis et al, 2018). Individual-based models (IBM) can allow us to simulate 
communities with various host compositions to assess the relative importance of proposed mechanisms of 
the dilution effect hypothesis.  
I used Lyme disease as a case study to test four proposed mechanisms of the dilution effect in 
simulated, one-hectare homogenous forest habitat. Lyme disease is the most common tick-borne disease 
afflicting humans in the United States, primarily in the Northeast and upper Midwest (CDC 2008, Diuk-
Wasser et al, 2010). Since Lyme disease emerged in the 1970s, researchers have extensively studied its 
ecology, providing sufficient data to parameterize an IBM that incorporates tick-host-pathogen 
interactions. By including species-specific reservoir competency, grooming rates, and home ranges, we 
examined how changes in host diversity characterized by differences in host quality for both the tick 
Ixodes scapularis, and pathogen Borrelia burgdorferi can influence the maintenance of the pathogen in 
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the wildlife host population. Understanding the mechanisms through which the wildlife host community 
influences pathogen transmission cycles in nature will help foster effective control and reduction of 




To quantify how changes in host community composition influence the maintenance of the pathogen, B. 
burgdorferi, we modified a previously-published, spatially-explicit, individual-based tick-interaction 
model (SEIB-TIM; see Halsey and Miller, 2018). The SEIB-TIM operates at the spatial scale of one-
square-meter. Tick behavior (i.e., questing and dormancy) and development (i.e., molting and 
reproduction) are regulated by average daily temperature. Hosts move within their home range, with ticks 
attaching to them based on spatial proximity and previously parameterized tick attachment rates. At each 
time-step, we extracted the following information for each tick life stage (larvae, nymphs, adults): total 
number of ticks and their infection status, tick behavior (i.e. feeding or questing), and for nymphs and 
adult ticks, the host upon which the tick previously fed. From this, we calculated the density of ticks and 
infection prevalence for all tick life stages. Our previously published model initially included only 
Odocoileus virginianus (White-tailed deer) and Peromyscus leucopus (White-footed mice). Here, we 
added four additional wildlife host species: Didelphis virginiana (Virginia opossum), Sciurus carolinensis 
(Eastern grey squirrel), Tamias striatus (Eastern chipmunk), Sorex cinereus (Masked shrew); (Figure 1). 
In addition, we added pathogen transmission via host reservoir competency for the pathogen B. 
burgdorferi. We initialized each model with the same number of ticks: 1500 nymphs, half of which were 
infected with the pathogen, and 50 uninfected adults. No wildlife hosts were initially infected with the 
pathogen. We ran the model for three years, using the first two years as a burn-in period and analyzing 
results from the third year. Due to the computationally intensive nature of this model, we were unable to 
run the model for a longer time span, but future research will extend both the spatial and temporal scales 
of this model. 
Reservoir competency 
We introduced reservoir competency (RC) to the SEIB-TIM as the probability that the host will become 
infected with the pathogen from an infected tick or transmits the pathogen to the tick vector (Table 4.1). 
We incorporated reservoir decay to represent the decrease in reservoir competency after an individual 
host is bitten by an infected tick (TSI-time since inoculation; Schauber and Ostfeld, 2002). Re-exposure 
to the pathogen via an infected tick results in RC returning to its initial value. 




Several assumptions were necessary due to a lack of data in some instances or to computational 
limitations. First, because there has not been a study to determine the host grooming rates of shrews, we 
assumed that shrews have the same host permissiveness as mice (Levi et al, 2016). Second, we did not 
differentiate between the probability that a host would transmit the pathogen to the tick vector and the 
probability that the tick vector would transmit the pathogen to the host. Third, we assumed that the 
pathogen transmission efficiency decays within the wildlife host, but not the tick. Fourth, we assumed 
pathogen infection did not influence either tick molting rates or host mortality. Furthermore, we did not 
characterize species-specific tick molting rates (but see Brunner et al, 2011). Finally, we did not include 
territoriality or resource competition, and we distributed home ranges of species randomly within the 
environment. 
Host community composition 
We simulated 1440 different host communities, with ten repetitions each, consisting of varying densities 
of mice (0-50), chipmunks (0-30), shrews (0-30), squirrels (0-15), and opossums (0-2). Two deer were 
present in all host communities. Mice are represented as the target host because they are extremely 
common, highly competent for the pathogen B. burgdorferi, and highly permissive for the tick vector, I. 
scapularis (Krohne and Hoch, 1999; LoGiudice et al, 2003; Keesing et al, 2009). Chipmunks are 
included because their presence tends to decrease larval tick burdens on mice and may reduce tick 
encounters with mice, but are still fairly competent for the pathogen (Schmidt et al, 1999). We included 
shrews because they are considered rescue hosts that can maintain high levels of pathogen prevalence 
when mouse density is low (Brisson et al, 2008). In contrast, squirrels may be an essential dilution host 
because they are characterized by high tick burdens and low reservoir competence (Levi et al, 2016). 
Lastly, opossums can serve as an ecological trap for ticks as hundreds of ticks tend to feed upon them yet 
less than three percent feed to repletion (Keesing et al, 2009). Opossums are also fairly incompetent for B. 
burgdorferi. All modeled host communities included two white-tailed deer, which are necessary for tick 
reproduction because they provide a blood meal to adult female ticks and mating opportunities (Fish and 
Dowler, 1989).  
Dilution Effect Mechanisms 
We explicitly examined three mechanisms of the dilution effect hypothesis (vector regulation, encounter 
reduction, transmission reduction; Keesing et al, 2006) to quantify how changes in biodiversity influence 
Lyme disease risk. In addition, we indirectly considered a fourth mechanism, susceptible host regulation, 
to determine how changes in target host abundance (i.e., mice) influences disease risk. As nymphs are 
thought to be epidemiologically crucial to human Lyme disease risk, due to their small size and peak 
questing coinciding with human outdoor activity, we used density of nymphs (DON), density of infected 
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nymphs (DIN), and nymphal infection prevalence (NIP) to quantify disease risk in our analyses (Diuk-
Wasser et al, 2006, Hamer et al, 2010).  
To quantify support for vector regulation, we examined how DON changed as a function of host 
diversity, in terms of species richness, Shannon H diversity, and host count (i.e. total number individual 
hosts). We considered host count in our analyses to investigate the assumption that increasing individual 
wildlife hosts will serve to provide additional blood meals (Randolph and Dobson, 2012). To quantify 
support for encounter reduction, we examined whether increasing biodiversity resulted in reduced tick 
encounters with the target host. We recorded from the modified SEIB-TIM, the host that each tick fed 
upon as larva to demonstrate how DON and DIN fed by mice is influenced by changes in the host 
community. To explore support for transmission reduction, we asked how changes in biodiversity reduced 
pathogen prevalence in tick vectors. To do this, we considered both NIP and DIN. Lastly, we considered 
the mechanism of susceptible host regulation by proxy. Instead of introducing a mesopredator (i.e., fox) 
in our model to regulate the mouse population, we reduced the number of mice in the host community 
while holding all other variables constant. Doing so allowed us to determine how the reduction of the 
target host influenced disease risk through the lens of vector regulation, transmission reduction, and 
encounter reduction, without adding further complexity to the model. 
Statistical Analysis 
To determine the effects of species richness, Shannon H diversity and host abundance on DON and DIN, 
we utilized hurdle models with a negative binomial distribution. We used a log link for the count model 
and a geometric with log link for the zero-hurdle model using the ‘pscl’ package in R. Hurdle models are 
used when the data include many zeroes, first using a binomial model to determine whether there is a 
relationship between the variables predicting a zero or other values and then using the count model to 
determine how the predictor variable influences the dependent variable (Zeileis et al, 2008). To determine 
the effects of species richness, diversity and host abundance on NIP, we used generalized linear 
regression. All results were observed during the peak activity period for both nymphs (May and June) and 
larvae (August and September). We compared competing models (i.e., richness, Shannon H, and host 
abundance) using Akaike’s Information Criterion (AIC) to determine the best supporting model.  
 
RESULTS 
Wildlife host count ranged from 2-127 whereas Shannon H diversity ranged from 0-1.659, and species 
richness ranged from 0-5. Average larval infestation rates (mean, standard deviation) for each species at 
the highest level of diversity were as follows: mice (5̅=29.92,78=0.872), chipmunks (5̅=52.067, 
78=7.753), shrews (5̅=72.733, 78 =10.377), opossums (5̅=98, 78=314.500), squirrels (5̅=60.500, 
78=8.628). Average nymphal infestation rates for each species at the highest level of diversity were as 
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follows: mice (5̅=8.360, 78=1.234), chipmunks (5̅=17.467, 78=1.583), shrews (5̅=13.267, 78=1.608), 
opossums (5̅=98, 78=5.890), squirrels (5̅=30.625, 78=1.789).  
Vector Regulation 
Host abundance exerted a greater influence on the density of nymphs (DON; AIC 655720.2, wi > 0.999, 
LL -327855.1) compared to Shannon H diversity and species richness. The DON in a population 
decreased by three percent with each per unit increase in host abundance (Figure 2a). The odds of having 
at least one nymph in the population decreased by one percent with increasing host abundance (b = -
0.009, p < 0.001). In addition, with a per unit increase in species richness, DON decreased by 32% 
(Figure 2b), with the odds of having at least 1 nymph in the population decreasing by 8% (b = 0.082, p = 
0.1). We found the same relationship with Shannon H where DON decreased by 64% (Fig 2c) and the 
odds of having a nymph in the population decreased by 19% with each per unit increase in Shannon H 
diversity (b = -0.205, p = 0.195).  
Transmission Reduction 
For density of infected nymphs (DIN), host abundance again had the most support (AIC 512829.2, wi > 
0.999, LL -256409.6). One average, DIN increased by 1% with host abundance (Figure 2d) and the odds 
of having at least 1 infected nymph increased by 3% with a per unit increase in host abundance (b = 
0.028, p < 0.001). DIN decreased by 5% with each per unit increase in species richness (Figure 2e). For 
species richness, the odds of having at least 1 infected nymph in the population increased by 76% with 
richness (b = 0.567, p < 0.001). With Shannon H diversity, DIN decreased by 24% (Figure 2f); however 
infected nymphs were more likely to occur in the population by a factor of 5 with a per unit increase in 
Shannon H diversity (b = 1.623, p < 0.001).  
For nymphal infection prevalence (NIP), host abundance provided the most support (AIC -
54304.98.68, wi > 0.999, LL 27155.49). On average, NIP increased with a one to one ratio increase in 
host abundance (Figure 2g) and by approximately three percent with a per unit increase with both species 
richness (Figure 2h) and Shannon H diversity (Figure 2i).  
Encounter Reduction 
Each of the predictor variables, host abundance, Shannon H diversity and species richness influenced the 
density of nymphs that fed as larvae on a particular host (Figure 3). Higher host abundance resulted in 
more larvae fed by mice and shrews; however, at low total host abundances (<50), shrews fed more larvae 
than mice (Figure 3a). Increases in Shannon H diversity also resulted in increased DON fed by shrews 
rather than mice (Figure 3d) yet the overall DIN decreased (Figure 3e). 
We found that host abundance had the most support for reducing encounters of larval ticks with 
mice resulting in reduced DON fed by mice (AIC 732974.0, wi > 0.999, LL -366482.0). DON fed by mice 
increased by only 1 percent with a per unit increase in host abundance (Figure 4a), with the odds of 
nymphs fed by mice occurring in the population increasing by 11% with each per unit increase in host 
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abundance (b = 0.105, p < 0.001). The number of larvae fed by mice decreased by 26% with a per unit 
increase in richness (Figure 4b), whereas the odds of having at least 1 nymph fed by mice increased by a 
factor of 3.2 (b = 1.149, p < 0.001). The number of nymphs fed by mice as larvae decreased by 67% with 
increased Shannon H diversity (Figure 4c), and the odds of a least 1 nymph fed by mice as larvae in the 
population increased by a factor of 14.7 (b = 2.69379, p < 0.001). 
We found that host abundance provided the most support in influencing the density of infected 
nymphs (DIN) fed by mice (AIC 651973.0, wi > 0.999, LL -325981.5). The DIN fed by mice increased by 
one percent with each per unit increase in host abundance (Figure 4d), whereas the odds of having at least 
one infected nymph that was fed by mice increased by four percent with each increase in host abundance 
(b = 0.042, p < 0.001). Per unit increase in species richness, the DIN that fed on mice as larvae decreased 
by 23% (Figure 4e), but the odds of having at least 1 infected nymph fed by mice increased by a factor of 
1.7 (b = 0.542, p < 0.001). The same relationship held true for Shannon H diversity, where DIN decreased 
by 62% (Figure 4f) and the odds of at least 1 infected nymph fed by mice increased by a factor of 3.5 (b = 
1.253, p < 0.001).  
Susceptible Host Regulation 
Vector regulation  
When accounting for the number of mice (i.e., target host), host abundance again provided the most 
support for regulating DON (DON; AIC 655236.3, wi > 0.999, LL -327611.2). The DON in a population 
decreased by three percent per unit increase in host abundance and in a one to one ratio with increases in 
mouse count (Figure 5a). The odds of having at least one nymph increased by one percent with mouse 
count (b= 0.01, p = 0.025) but decreased by two percent with a per unit increase in host abundance (b = -
0.016, p < 0.001). However, DON decreased by 29% and 2% with a per unit increase in species richness 
and mouse count, respectively (Figure 5b).  
Neither species richness (b = -0.064, p = 0.212) nor mouse count (b = -0.004, p =0.141) 
influenced the odds of having at least one nymph in the population. In contrast, DON decreased by 64% 
with increasing Shannon H diversity, yet increased by 3% with each per unit increase in mouse count 
(Figure 5c). Again, we found no difference in the occurrence of nymphs in the population with either 
increasing Shannon H diversity (b = -0.219, p = 0.195) or mouse count (b = -0.005, p = 0.062).  
Transmission reduction 
When accounting for mouse count, we found that species richness had the most support for regulating the 
density of infected nymphs (DIN; AIC -511681.7.36, wi > 0.999, LL -255833.9). DIN decreased by eight 
percent with a per unit increase in species richness, yet only increased by one percent with an increase in 
mouse count (Figure 5e). The odds of having at least 1 nymph increased by 60% with each per unit 
increase in species richness (b = 0.492, p < 0.001), yet by only 1.5% with mouse count (b = 0.015, p 
<0.001). DIN decreased by one percent with a per unit increase in both host abundance and increased by 
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the same percentage with mouse count (Figure 5d). However, the odds of having at least 1 infected 
nymph increased by 3.5% with respect to increases in host abundance (b = 0.034, p < 0.001) and 
decreased by 1% with a per unit increase in mouse count (b = -0.009, p <0.001). DIN decreased by 18% 
with a per unit increase in Shannon H diversity but increased by 1% with mouse count (Figure 5f). The 
odds of having at least 1 nymph increased by a factor of 4.5 with an increase in Shannon H (b = 1.515, p 
< 0.001) whereas it only increased by 2% per unit with an increase in mouse count. 
For nymphal infection prevalence (NIP), when accounting for mouse count, host abundance had 
the most support (AIC -54564.36, wi > 0.999, LL 27286.18). NIP increased by 29% with a per unit 
increase in host abundance count (Figure 5g), 3.5% with species richness (Figure 5h) and by 15% with 
Shannon H diversity (Figure 5i). For all models, there is a one-to-one ratio increase in NIP with mouse 
count.  
Encounter Reduction 
When accounting for the number of mice in the population, host abundance had the most support for 
influencing the density of nymphs (DON) that fed on mice as larvae (AIC 695376.9.0, wi > 0.999, LL -
347681.4). The DON fed by mice decreased by 2% with each per unit increase in host abundance yet 
increased by 4% with mouse count (Figure 6a). The odds of having at least 1 nymph fed by mice 
decreased by 11% with each per unit increase in host abundance (b = -0.107, p < 0.001) and increased by 
a factor of 25 with mouse count (b = 3.253, p = 0.976). The DON fed by mice decreased 16% with each 
per unit increase in richness but increased by 3% with an increase in mouse count (Figure 6b). The odds 
of having at least 1 nymph decreased by 49% with each per unit increase in richness (b = -0.659, p = 
0.088) but increased by a factor of 21 with a per unit increase in mouse count (b =3.077, p = 0.978). DON 
fed by mice decreased by 46% with each per unit increase in Shannon H diversity yet increased by 2% 
with mouse count (Figure 6c). The odds of having at least 1 nymph fed by mice increased by only 20% 
with Shannon H diversity (b = 0.187, p = 0.872) and by a factor of 19 with mouse count (b = 2.978, p = 
0.979). 
We found that when taking mouse count into account, Shannon H diversity had the most support 
for influencing the density of infected nymphs fed by mice (DIN; AIC 638686.1, wi > 0.999, LL -
319336.0). DIN fed by mice decreased by 35% with each per unit increase in Shannon H diversity yet 
increased by 3% with mouse count (Figure 6f). The odds of having at least 1 nymph fed by mice 
increased by a factor for 3.9 for each per unit increase in Shannon H diversity (b = 1.379, p < 0.001) and 
by 8.7% for mouse count (b = 0.084, p < 0.001). For each per unit increase in host abundance, DIN fed by 
mice decreased by one percent yet increased by four percent with mouse count (Figure 6d). The odds of 
having at least 1 infected nymph fed by mice decreased by 2% with host abundance (b = -0.017, p < 
0.001) yet increased by 11% with mouse count (b = 0.104, p < 0.001). Similarly, DIN fed by mice 
decreased by 24% with richness and increased by 3% with per unit increased in mouse count (Figure 6e). 
 
 63 
The odds of having at least 1 infected nymph fed by a mouse as a larva increased by 29% with richness (b 
= 0.261, p < 0.001) and 8.4% with mouse count (b = 0.081, p < 0.001).  
 
DISCUSSION 
Our results support previous work indicating that multiple mechanisms contribute to the dilution effect in 
disease systems (e.g., Luis et al, 2018). Likewise, for the Lyme disease system, the strength of these 
mechanisms varied. For each of the dilution effect mechanisms, host abundance was consistently the best-
supported predictor of disease risk. In addition, depending on the measurement of disease risk, density of 
infected nymphs (DIN) or nymphal infection prevalence (NIP), these mechanisms can either dilute or 
amplify disease risk. For example, in our model, a dilution effect occurred via vector regulation and 
transmission reduction, as increasing both species richness and host abundance reduced both density of 
nymphs (DON) and DIN. However, if disease risk is measured solely by calculating NIP, it may seem 
that host diversity amplifies disease risk. Whether you consider DIN or NIP to be the most important 
metric of disease risk, our model shows that attempts to reduce human Lyme disease are most effective 
when considering host abundance as driving the mechanisms of the dilution effect hypothesis (Roberts 
and Heesterbeek, 2018).  
Increasing the number of hosts in the community did not amplify tick density in our model, 
contrary to previous suggestions (Ogden and Tsao, 2009; Randolph and Dobson, 2012). Of course, this is 
due in part to our assumption that with increasing host abundance, more wildlife hosts are less permissive 
for the tick vector (LoGuidice et al, 2003; Keesing et al, 2009). To test the susceptible host regulation 
mechanism, we examined how changes in mice density influenced metrics of disease risk. We found that 
increasing host abundance reduced DON yet increased NIP. However, species richness was the best 
predictor for DIN. Regardless, all things being equal in terms of species richness, diversity or abundance; 
to decrease DIN requires decreasing susceptible host densities (i.e., mice). A key component in the 
ecology of Lyme disease is that mice are generalist species that thrive in environments with few 
competitors. But with increases in wildlife host diversity, mouse populations are often regulated through 
competition for resources or predation (Ostfeld et al, 2006; Levi et al, 2012). As DIN is often considered 
to be the most important metric for human disease risk (Diuk-Wasser et al, 2006), our results suggest that 
efforts to either increase species richness or conserve biodiversity as a means of reducing Lyme disease 
risk need to consider the abundance of mice in the community. 
Host density plays an important role in pathogen transmission. The complexity built into our 
model allowed us to capture a complete picture of the variation in tick abundance as it relates to non-
linear effects of increasing species-specific host densities (Randolph and Dobson, 2012). For example, we 
saw clear non-linear relationships between the metrics of diversity and disease risk. In some instances, 
our data show a quadratic relationship between DIN and host abundance and between NIP and Shannon H 
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diversity. There appears to be a threshold at which NIP increases with Shannon H diversity before 
declining. Due to limited data across host diversity gradients, this may be why current meta-analyses vary 
in their detection of the dilution effect occurring generally (e.g., Salkeld et al, 2013; Civitello et al, 2015). 
Conservation efforts that produces in an intermediate level of diversity can result in more disease 
prevalence than either extreme. Further inquiry shows that the quadratic curve was driven primarily by 
mouse count, where at low densities of mice, added hosts likely provide additional blood meals for the 
tick, amplifying disease risk. However, with increased host abundance, richness, and diversity, this 
relationship quickly becomes negative. At high densities of mice, increasing diversity reduces disease 
risk. In addition, disease risk as measured by DIN at levels of high diversity and high counts of mice is 
similar to DIN at low levels of diversity and low mouse count. Therefore, management actions that reduce 
mouse densities could mitigate disease risk instead of management efforts aimed at increasing host 
diversity. 
Although increasing host diversity increased the density of nymphs fed by any of the five hosts, 
the ratio of ticks fed by each host did not stay the same. At low host abundances (<50), shrews fed more 
larvae than mice, supporting the idea that shrews can maintain not only the pathogen but also the density 
of ticks in the absence of mice (Brisson et al, 2008). Also, at high levels of Shannon H diversity, both 
DON and DIN that fed as larvae on both mice and shrews decreased, with a switch also occurring in DIN 
fed by shrews and mice. We need better data on shrew densities in the host community as it is evident that 
even if we were to reduce mice density in a community, shrews could easily fill the ecological role of 
mice in maintaining Lyme disease (Brisson et al, 2008). We suspect that shrews contribute more to DIN 
due to the increased home range size of shrews as compared to mice, making shrews more likely to come 
in contact with ticks, even though they have a lower reservoir competency for the pathogen and similar 
host permissiveness.  
Host permissiveness had a greater impact on vector regulation than we expected. We found it a 
bit surprising that fewer hosts in the community resulted in a larger tick population. We think this may be 
because of the spatial component of our model, where unlike other models that attempt to test the 
relationships between host diversity and disease risk, we do not specify a host finding rate (Mount et al, 
1997; Ogden and Tsao, 2009). Instead, a tick must be within one meter of a wildlife host to attach to it. 
Although the number of host movements in our model is underestimated (see Halsey and Miller, 2018; 
Wang et al, 2012), host infestation rates were within the range of those seen in nature. We expected that 
additional host species might decrease the number of ticks due to higher rates of grooming, though not to 
the extent of outweighing the extra blood meals provided. We believe that the reason fewer hosts in the 
community were able to maintain a larger density of nymphs was due to more ticks dropping off within 
the home ranges of hosts and being more likely to find blood meals. With more hosts, there is a greater 
chance of ticks dropping off in a location and encountering a host with a higher grooming rate. Although 
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we did not include territoriality in our model and hosts were randomly distributed with home ranges 
allowed to overlap, it is possible that this encounter reduction effect could be even less pronounced if 
those restrictions were in force. 
Through its limitations, our model moves us another step closer to understanding the ecology of 
Lyme disease and identifying the mechanisms through which biodiversity influence human disease risk. 
The dilution effect may be one of this decade’s most controversial hypotheses, with concerns about its 
broad applicability to disease systems (e.g., Randolph and Dobson, 2012, Roche et al, 2012, Wood et al, 
2014). Some researchers have argued that increasing biodiversity will increase the number of blood meals 
the tick vector obtains, amplifying the overall tick density and thereby increasing disease risk (Randolph 
and Dobson, 2012). However, in our model, we found that not to be the case. Increasing host abundance 
did not amplify disease risk by increasing DIN. DIN is currently thought to be the most important metric 
of disease risk (Diuk-Wasser et al, 2012); however, because previous dilution effect models present NIP 
as the only metric as they did not have the capacity to simultaneously track tick abundance (e.g., Schauber 
and Ostfeld, 2002; LoGiudice et al, 2008, Voung et al, 2014), therefore conclusions drawn about 
diversity-disease relationships have not be satisfactory to the broader scientific community. Regardless, 
by developing a model that incorporates the key processes of I. scapularis, B. burgdorferi and the wildlife 
host community, we now have a better understanding of four mechanisms of the dilution effect driving 
human Lyme disease risk and can make informed decisions regarding how effective biodiversity 
conservation can aid in decreasing human disease risk.
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FIGURES AND TABLE 
 
Figure 4.1: Conceptual diagram representing the life-cycle of the black-legged tick Ixodes scapularis, and its' interaction with wildlife hosts. 




Figure 4.2: Predicted density of nymphs (A-C), density of infected nymphs (D-F) and nymphal infection prevalence (G-I) for the following 





Figure 4.3: Predicted density of nymphs (A-C), density of infected nymphs (D-F) fed by each host as larvae for the following predictors: host 





Figure 4.4: Predicted density of nymphs (A-C), density of infected nymphs (D-F) fed by mice as larvae for the following predictors: host 





Figure 4.5: Predicted density of nymphs (A-C), density of infected nymphs (D-F) and nymphal infection prevalence (G-I) for the following 
predictors: host abundance, species richness and Shannon H diversity with differences in mice count acting a proxy for susceptible host regulation. 




Figure 4.6: Predicted density of nymphs (A-C), density of infected nymphs (D-F) fed by mice as larvae for the following predictors: host 
abundance, species richness and Shannon H diversity with differences in mice count acting a proxy for susceptible host regulation. All beta values 
are significant at a level of p < 0.001. 
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Eastern chipmunk 0.687a 0.243c 
White-footed Mouse 0.935a 0.493c 
Virginia opossum 0.026b 0.035c 
Masked shrew 0.512b 0.493 
Grey Squirrel 0.147b 0.172c 




CHAPTER 5: SIGNIFICANCE 
This dissertation answers the call for a more integrated, community-based approach to identifying 
mechanisms underlying the patterns of tick abundance and pathogen prevalence (Estrada-Pena 2002, Holt 
and Dobson 2006, Ostfeld 2011). The quantitative review identifies biases in the published literature and 
identifies directions for future research (Halsey et al. 2018). The individual-based model serves as another 
technique for tackling complex models of multi-host systems and is available on an open-source software 
and freely available for anyone to modify and use on GitHub (Halsey and Miller 2018). The inclusion of 
fine scale interactions between ticks, hosts and pathogens in the SEIB-TIM allows for examining different 
management scenarios and the testing of mechanisms associated with maintenance of tick populations 
and pathogen prevalence. Not only does the SEIB-TIM enhance our understanding of ecology Lyme 
disease, it may be broadly applicable for effective control of emerging tick-borne diseases (Brisson et al. 
2008). Ultimately, this research serves both epidemiologists and ecologists by facilitating more informed 
decisions in the development of wildlife management plans and interventions to reduce Lyme disease 
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